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rilEFACE. 


The object of tliis book is to provide a course on tlie 
theory of Heat, of Intennediate University standard, 
linked up more closely than is usual with the practical 
side of the work. Aceordiiifjly a large number of experi- 
ments is included, sjKiciilly suited for laboratoi7 pnmtice, 
and where pi'ssible the text is based upon them. Also 
wliere classical exjKn'imeats are descril)ed they are fre- 
quently illustrat(‘d by simpler experiments which are well 
within the students’ powers. 

Considerable trouble has expimded to iusui’e the 
iiicluvsion of the most recent methods of work and the 
description of the most suitable forms of ap[)aratus, 

Full jiccounts liave Ikh^ii given of the latest methods in 
pyroimdry, the liquefaction of gases, and the detormin i- 
tioii of va[)our density and of temperature gradient, while 
the graphical treatment of expansion and conduction of 
heat deserves mention. 

This book is l)ased ujk)U text-books on the subject 
written by tlie late Dr. R. Wallace Stewart, but with that 
exception Dr. John Satterly is solely responsible for its 
contents and methods of treatment. 
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INTRODUCTORY. 

1. Heat sensations. We distinguish in everv-day life 
between “hot ’’and “cold” bodies by the sense of touch, 
and we ai'e familiar, in tlie same way, with the fact that 
one body may be “hotter” or “colder” than another, or 
that the same body may become “ hotter ” or “ colder.” 

When we touch a substance hotter than the hand we 
expei'ience the sensation of heat, and we say that heat 
passes from the sul)stauce to the hand. In the same way 
when we touch a substance colder than the hand we 
experience tlie sensation of cold, and w^e say that heat 
passes from the hand to the substance. In each case the 
intensity of the sensation depends upon the extent to which 
transfer of heat betNveen the hand and the substance bikes 
place, and, as will be learnt later, this depends not only 
upon how hoi or cold the substance is, but also upon the 
nature of tlie substance. 

It must be noted, however, that sensation is not always 
a .safe guide in determining the relative hotness or coldness 
of bodies. For example, let the right hand be placed in 
hot water and the left in cold water for a minute or so, and 
then let both hands be plunged simultaneously into luke- 
warm water. This water will feel hot te the left hand and 
cold to the right hand. This shows that in interpreting 
sensations of heat and cold the previous state of the hand, 
or other organ of touch, must be considered. 

Again, in the hot room of a Turkish bath all the objects 
are equally hot and hotter than the body. To the sense 
n T. r. 1 
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of toueli, however, all objects made of <^ood couductiii^ 
material, such as metal, appear to bo mucli liotter than 
objects made of bad conducting material, such as wood or 
cloth. Tliis, as explained later, is due to tlie fa(;t that in 
the case of good conducting materials the transfer of heat 
to the hand is greater and more rapid than in the case of 
l)ad conducting materials. Similarly, on a cold day an 
iron bar lying out of doors will appear much colder than a 
broomstick, owing to the fact that heat is transferred nioi-e 
rapidly from tlie hand to the iron, which is a good con- 
ductor, than to the wood, whicli is a had conductor. Thest? 
illustrations sliow that in interpreting sensations of he;it 
and cold the nature of the substance touched must be con- 
sidered as well as the state of the organ of touch. 

It should he noted that tlio sensations I’eferrod to in this 
article are those due to actual contact with a hot or cold 
body. 

I'lie sensations of heat and cold experienced in the 
neigh bo lU'hood of hot and cold bodies are usually due to 
radiation. This subject is dealt with in Cliapter XIV. 

2. Temperature. Instead of saying that a body becomes 
hotter or colder we may say that a body acupiires higlier 
or lower degrees of hotness. Degrees of hotness below a 
certain standard, commonly that of the human body, might 
perliaps 1x3 spoken of as degrees of coldness, but it is 
more couveiiieut. to use one term — liotness — as ap[)lica,ble 
throughout the whole range of temperature. To speak of 
degn^es of hotness is, however, clumsy and inconvenient. 
The term temperature is therefore use<l when we deal witli 
the idea of degree in relation to hotness. When a body 
has acquired any particular degrtje of hotne.s8 it is sai<l to 
be at a particular tem|X3rature, and as a body becomes 
hotter its tem|)erature is said to rise, and as it cools its 
temperature is said to fall. 

3. DhBference of temperature. It is a matter of common 
experience that when a hot body is placed in contimt with 
a colder one, the hotter body becomes colder and the colder 
body becomes hotter. We say in such a case that “ heat 
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has passed from tlio hot body to the cold one. Thus when 
a kettle containing cold water is placed on the stove-plate, 
or on a fire, heat passes from the hot plate or fire to the 
cold water in the kettle. Also if a cold piece of metal is 
placed in contact with a hot piece heat passes from the hot 
piece to the cold piece until the two pieces attain the same 
temperature. 

We may tlierefore define the difference of temperature 
between two bodies A and B as that condition which is 
essential for the transfer of heat to take place from A to B 
or B to A. If two bodies are at different temperatures, 
then when they are placed in contact heat passes from the 
body at higher temperature to the body at lower tempera- 
ture. Or, if two portions of the same body are at different 
temj)eratures, heat passes from the portion at higher tem- 
perature to the portion at lower temperature. Similarly 
if two bodies are at the same temperature no heat passes 
i'rt.im one to the other when they are placed in contact. 

'rho ti’iuisfer or e;<(;h‘angc of heat between bodie.*? irjt in contact 
beloiiga to the subject of radiation. Sco Chapter XIV. 

4, Nature of heat. When a substance is heated it is said 
to gain or absorb heat. When it cools it is said to lose or 
give out heat, A question at once arises as to what may 
bo the nature of what is here called heat. It is evidently 
nut material, for the mass of a body does not change as it 
loses or gains heat. The question is sp>ecially dealt with 
in Chapter XVI., but it may be stated here, briefly, that 
whenever heat is produced energy in some form or other is 
found to (lisa|)pear, and, in accordance with the theory of 
tnuisfonuat.ion of energy, it is recognised that this energy 
lias been traiisforuied into heat — and that heat is therefore 
a form of energy. Thus when coal burns in air the 
chemical energy of t he products of the combustion is less 
than that of the original coal and air concerned, and the 
(piantity of chemical energy so lost merely appears as the 
energy of heat. Similarly when a piece of lead is ham- 
mered the energy used by the wielder of the hammer is 
not lost, but is found as heat in the flattened piece of 
lead and in the liammer. 



4 


INTRODUCTORY, 


Ileiice, as a body is licated it cner^'j in (ho form 

of heat, and as it cools it Joses enerj^^ in the form of iieat. 

According to modern views of heat, tlio molecules of any 
given body are supposed to be vibrating to and fro, at a 
rate dependent on the temperature, and the sum total of 
the kinetic energy of its molecules, due to this vibratory 
motion, determines the molecular kinetic energy for any 
temperature. As the temperature increases this molecular 
kinetic energy increases, as does also t)ie potential energy 
of the system of molecules, and the total change in mole- 
cular energy accompanying any tliermal change is equi- 
valent to the heat generated (H* absorbed dining that 
change. 

The process of combustion is capable of a similar e.\|)la- 
nation. All chemical change is due to molecular or atomic 
interaction, and it will be understood that the heat elTeiq, 
attending any chemical change may be due to a change in 
moh.H’ular energy resulting from this interaction. 

5. Heat a measurable quantity. A quantity is that whiidi 
can l)e expressed in terms of a fixed unit of its own kimi, 
and its measure is the ratio of the given quantity to tbe 
chosen unit. Thus, if *2 is the iiu'asure of any ijuaiitity, 
the meaning is that the <|uantity considered is twice as 
great as the fixed unit -- e.(j. if a fo(»t is chosen as unit of 
length, a length, the measure of which is 2, is two feet long. 

us now consider if heat is, in this sense, a measurahJ(‘ 
quantity. 

Suppose that we have a hydrogen-gas flame whose rab' 
of burning is absolutely uniform, we may assume that 
its heating effect is equal for e(jual intervals of time. If 
now a fixed quantity of water, at a given temperature, is 
heated by this flame for a given time, its teiiq^erature will 
he raised to a certain degree, indicating the absorption of 
a definite quantity of heat. An lixactly (M|ual quantity of 
water will, under tlie same circumstances, reach the same 
temperature in the sajiie time, and will tiu'refore absorb tin; 
same quantity of heat. Hence, if double tlio quantity of 
water is heated under precisely similar circumstances, it 
will l>e raised to the same temperature in double the time 
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tliat is, after tlie absorption of double the quantity of heat. 
If, therefore, the quantity of heat absorbed in either of the 
cases first considered is taken as the unit, the measure 
of the quantity absorbed in this last case is 2. 

Heat may tiius bo considered as a measural)le quantity. 
The unit adopted in its measurement is quite arbitrary. 
We might, for example, take the unit to be the quantity 
of heat required to raise one pound of water fi*om one par- 
ticular temperature to anotluw. Then the measure of the 
quantity reipiired to raise m pounds through the same 
range of temjx'raf ure would be m. This subject will be 
further considered in tlie chapter on Calorimetry (Ch. 
Vlll.). 

6. General effects of heat. When a body is sufliciently 
heated or cofiled various well markiMl eliects are generally 
produced. The gieieral character of th(‘se effects is the 
same for most sulistances. The more important are in- 
cluded under the following heads — 

(1) Change of temperature. 

(2) Expansion or contraction, i.e. clninge of volume. 

(d) Change of .state. 

(4) Change in pliysic'-al properties. 

(5) Promotion of chemical act-ion. 

7. Change of temperature. This is almost axiomatic, for 
wo have assumed that if the temperature of a body is 
I'ising it is absorbing heat. It is, however, only true when 
a body is not changing its state (Art. 9). When water is 
boiling its temperature remains constant ; extra heat given 
to the water is used up in changing some of the water to 
steam, ami the temperature of the steam is still the same 
as that of the water. 

Again, when water is being frozen heat is removed 
from the water, but the mixture of ice and water still 
remains at the freezing point, and not until all the water 
has been frozen is it jiossible for the ice to get colder than 
t his temperature. When, however, a substance remains in 
one definite state — solid, liquid, or gaseous — gain of heat 
produces a rise in teinperatui-e, loss of heat produces a 
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fall in temperature. Conversely a rise in temperature 
indicates a gain in lioat, and a fall in temperature a loss ot 
heat. 

8. Change of Volume. It is found 
that in general* when a body is heated 
it expands, and will, if allowed to cool 
to its original temperature, gradually 
contract to its original volume. This 
is tlu? same wliether a body is a solid, 
a li(|uid, or a g:is. The amount of con- 
traction is dilTcrent for diffenuit bodies; 
in general, gases expand more tlian 
liquids, and liquids moni than solids 
for the same rise of bmiperatunr 
Gravesande’s Ring and Ball (Fig. 1 ) 
is au historical piece of apparatus which 
is used to illustrate the change of di- 
mensions which occurs on heating. Tlie 
ball when cold may be passed tli rough 
Fig. 1. the ring. When heated it refuses t,o 

go tlirough the ritig. if allowed to rest 
in position and cool its <limensions in time become sinalho- 
than the ring and it falls through. 




Exp. 1. Otitain a flat strip of taass ahoiit 18 inclu's long. Screw 
down one end on a fixed wooden block, li (Fig. 2), allowing the other 


* Exceptions are water l)clow 4®C., .silver iodide, Kosc’.s fusihlo 
alloy, and some other alloys. 




INTRODtrCTORT, 


7 


end to rest freely on a second block, A. If the top of A is not quite 
even cover it with a piece uf finely ground glass or slightly rougliened 
rnctal. Also, if necessary, roughen the under side of the end of the 
strip. Take a straight short piece of knitting needle, V V, and to 
one end of it fasten by sealing-wax at right 
angles to its length a piece of straw, V P, six 
inches long to act as index. Insert the other 
end of the needle under the end of the strip. 

If the W(hght of the strip is not sufficient to 
keep the needle and ])ointer in any position in 
winch tivey are put, a weight, W, sufiieient for 
this purpose should 1)0 laid on the strip. Be- 
hind the pointer place a grad ua tori circular scale 
SS. Now heat the strip by Bunsen burners 
and observe that the poiirtcr slowly moves over 
the graduated scale, (inally taking up a posi- 
tion of rest. Now tlie motion of the pointer 
tells us that the needle has rotated, and the 
cause of this rotation is obvi(jusly the expan- 
sion of the rod. Now remove the burners. As 
the rod cools the pointer moves back to its for- 
mer position, .showing that as the tomperaturo 
falls the rod contracts. 

Exp. 2. Fit a 4-oz. round -bottomed flask 
(Fig. Jl) with a cork tlirough which passes the 
end of a piece of coarse thermometer tubing about 8 or 9 in. long. 
Completely fill the flask with alcohol coloured with a little magenta 
dye. Then insert tlie cork so as to make the liquid rise a short 
distance in the tnl)e. Now place the flask in a beaker of hob water. 
Observe that the liquid rises in the tube. 

Exp. 3. Fit a 4-oz. rouud-hottomed flask (or, better, a bulb w'ith 
very .short neck) with a cork through which a piece of glass quill 
tubing pas.scs nearly to tlio bottom (Fig. 4). Put in the bottom of 
the Inilb a little coloured alcohol, into which the bottom of the tube 
is allowed to dip. Now hold the bulb in the hand. The heat thus 
imparted wdll, by causing tlio air in the bulb to expind, force some 
of the alcohol up the tube. 

9. Change of State. Bodies may exist in three states — 
solid, li(|uid, and gas, and the change from one to tlio 
other may always be effected by the application or with- 
drawal of boat. Thus, for example, if ice is heated it 
melts into water, and if water is heated sufficiently it boils 
away and becomes steam. The reverse of the process is 
the withdrawal of heat from steam, when it condenses 
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to water, and the withdrawal of heat from water, when ice 
is formed. Again, air is a gas under usual comiitioiis, but 
if subjected to intense cold it can be liquefied and even 
solidified. 

10. Change of physical properties. It is found that 
heating and cooling inodifv in many ways the jirojHO’tles of 
matter. Iron heated to redness ditfers materially from iron 
at ordinary temperatures ; zinc at ordinary temp(‘rat ui'cs is 
hard and l)rittle, but wlien warmed it is soft and flexible; 
steel may L)e softened or tempered l)y heating and cooling, 
and so on. Again, some bodies change colour on being 
heated : thus mercuric iodide is red at ordinary tempera- 
tures, but changes to yellow when heated. 

The elasticity and rigidity of solids, the viscosity of 
liquids, the ease with which a substance conducts (hatricity, 
and, in fact, all the characteristic phy.sical properties of 
matter cliange with change of temperature. 

11. Chemical change. It is well known tliat lieat fi-e- 
quently tends to promote chemical action . Th us coal, wood, 
sulphur, magnesium wdre, and many other substances wlieji 
heated with free access of air combine vigorously with the 
oxygen of the air, and wo have the phenomenon of com- 
Jiustion or burning, which is simply o.xidation accompanied 
l)y a large output of heat. Also coal, wood, ami ot her com- 
[)ound substances when heated by themselves in a closfnl 
space undergo decomposition, and give rise to vai ious pro- 
ducts ; thus coal gives rise to coal-gas and coal-tai*. 

Again, if calcium carbonate is hf^ated to a high tempera- 
ture it decomposes or dusociab^R into calcium oxide a.nd 
ciirbonic acid gas. If the products of dissociation are 
cooled together calcium carbonate is again formed. 

KXERCLSES I. 

1. Distinguish Iwjtween heat and temperature. 

2. Enumerate the effects of heat. 

3. Describe experiments showing that solids, liquids, and givses 
expand on heating. 



CIIAPTEll II. 


THE THERMOMETER. 

12. Measurement of temperature. When we have said 
hitlierto that an ol)j(K;t was hot, we meant that when we 
touched it witli the hand heat flowed from it to the hand ; 
and when another object was said to be cold, we meant 
that when we touched it heat flowed from the hand to it. 
The criterion, therefore, was the temperature of the hand, 
and our jud^onents were based on sensations. To this 
mctliod of estimating temperature there are three serious 
objections ; — 

(1) Our sensations are not sufficiently delicate. (2) 
Th('y do not admit of numerical measurement. (3) The 
criterion (the temperature of the hand) is variable. 

A reference scale of temperature might evidently be set 
up by selecting and arranging a series of standard tempera- 
tures each defined, as the temperature of melting ice is, as 
the temperature of some standard substance in a definite 
physical state. Any required temperature could then be 
sj)ecified loosely by referring it to its position on this scale 
of standard temperatures, but it is obvious that without 
some consistent method of comparing and graduating the 
intervals between the arbitrarily selected fixed points of the 
scale the exact specification of any temperature intermediate 
between two points is impossible. 

It is, therefore, necessary to have some more certain 
means of comparing temperatures. Instruments called 
thermometers have been devised for this purpose. 

DEPiNiTioN.—The thermometer is an instrument for 
the comparison and measurement of temperature. 


* Greek, thermoSf hot; thenne, heat; imtron, a measure, 

9 
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13. Preliminary idea of a thermometer. We saw in 

Art-. 6 that the effects of heat on matter are very diverse. 
The one which lends itself most readily to the mefisure of 
degree of hotness (or temperature) is that of cliange of 
volume (or expansion). So long as no change of statt* 
occurs expansion, in most substances, is simnltiiueous with 
cliange of tem|>erature, and change of length or change of 
volume may therefore be taken to indicate change of tem- 
jxirature. Also, a particular length of any given rod or a. 
particular volume of any given quantity of rajiii/l corre- 
sponds to a [tartiimlar temperature and may be taken a.M 
an indication of tluit temperature. 

Exp. 4. 'I'ake .a flask and tube as set up in Figs, .'f or 4, pros ide 
the tube with a graduated paper scale reading upwards, and carry 
it abrmt to dill'erent [)arts <>1 the lunlding inside and outside. Near 
tlie tire it will be observed that the n ading is bigliest. As it is 
taken to colder parts of the building note that the reading is low 
and to the hotter part.s the reading is high. Suppose now' that the 
reading when in Ro<jni A is the same as that when in R(Kun R, wliat 
may we .say about their temperatures? Proceeding on the altovo 
a.‘>8iimptions, obviously they are etpial. 

With a tlask and tube as used in tho al>ove (^xjx'rimcnt. 
tlio changes in tho volume of tho ]i(juid arc clearly indi- 
cated, and with a large bulb and a stem of very narrow 
l)ore tin iustnimeut capable of indicating very small changes 
of tem{)erature may lie constructed. 

In pnictico a gltiss, flask, or bulb tilled with niercury is 
found to woi’k most satisfactorily, and .such is invariably 
used if the tem[>eraturo to be measured is likely to ris(‘ 
nearly as high as that of boiling water. If the indicator 
1)0 provided with a scale etched on Ihc stem its readings 
can 1)0 more readily noted ami coiu])aa'cd, and the iiseful- 
ne.ss of the instrument is greatly incri'ascd. I'he scale 
adopted may be quite arbitrary, A scale of millimetres, 
for example, would serve, but it would evidently l>e an 
{ulvant/Oge if the scale w(‘re arranged to indicate degrees of 
temperature in accordance with some generally understood 
and easi’y realised scale. 

Such a scab), may l)e obtained as follows : Let the tem- 
peiuture indicator be pla<xj<l in melting ice, and when tho 
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position of the liquid column in the stem is steady, let it 
be marked by a fine mark on the stem. This mark indicates 
the temperature of melting ice, which experiment teaches 
us to be a constant, naturally fixed temperature. Then 
place the indicator in steam from water boiling under the 
normal atmospheric pressure, and when the liquid column 
is again steady let its position be marked. This second 
mai'k indicates the temperature at which water boils under 
the normal atmospheric pressure, and this is again by 
experiment found to be a constant, naturally fixed tem- 
perature. These two temperatures are generally known as 
fremn^ point and hoiling point oi water, and from these 
fixed pomts a scale is readily derived. 

14. The principle of graduation of a scale of tempera- 
ture. 'J.Hie range of temperature between the freezing point 
and the boiling point may be divided into any number of 
steps by dividing the volume of the stem into a corre- 
sponding numlxjr of equal parts. For example, the range 
of teinp(U’aturo from freezing point to boiling point may 
be divided into 100 sh'ps or degrees by dividing the volume 
of the bore of the stem between the two marks correspond- 
ing to these temperatures into 100 equal jmrts. 

ft sliouUi ho oarefully noticed here that juithing is said aV>out 
dividing tlie range of tempenUnre into 100 cqwd parts. The 
volume of the .stem bore between the two marks is divided into 100 
c(jual parts, Imt the corrc-sponding .steps or degrees of temperature 
indicated hy these divisions may or may not he equal, and are 
evidently determined hy and vary with (he oxpansihility of tlje 
liquid used in the indicator. For example, if two indicators are 
aceiiratdy made and graduated in the w^ay here dcscribctl they will 
usually give two ditferent scales of temperature ; tliat is, if both were 
placed together in a hath where the temperature is gradually raised 
from freezing point to boiling point, it is probable that the tem- 
[jei’atnre readings w(uild agree exactly only at the fixed points. The 
({uestion that here arises is not which is right, but which is to he 
adopted as the standard, that is, which is to be set up as “right ” 
hy definition and common convention. Hence, if an indicator of this 
kind is to lie used as a standard instrument for general reference, 
ilio iiipiid and the material of the bulb and stem must be specifieii. 

An instrument constructed and graduated on tliese 
principles to imlicate temperature with reference to an 
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arbitrary selected scale is known as a thermometer. Certain 
substances are better suited than others for the measuring 
of temperature. A body which changes volume only to a 
small extent for large variations of temperature is not 
suitable. Solids are not used as thermometers because 
their alterations in size even when heated or cooled con- 
siderably are minute. Gases change volume very readily 
when exposed to different temperatures, and for certain 
purposes an air thermometer is a useful instrument. 
Liquids are, however, the best adapted for ordinary ther- 
mometry. 

Of liquids, mercury is the best for all general purposes, 
Ixjcause it boils at a very high, and freezes at a very low, 
temperature. Hence it remains liquid through a long range 
of temperatui’e. Water has a comparatively small range 
of temperature between its freezing and boiling points. 
Alcohol is useful for measuring very low temperatures at 
which mercury would l^e frozen, and it is also used in 
some self-registering minimum thermometers, but it can- 
not be used for high temperatures Ixjcause it boils at a 
lower temperature than the boiling point of water. Mer- 
cury has some other advantages. It quickly assumes the 
temjx5rature of anything in which it is immersed without 
abstracting much heat from the substance, and it does not 
soil the glass. Standard thennometers are usually mercury- 
in-glass thermometers with a scale engraved on the glass 
stem. 

15. Construction and filling of a mercury-in-glass ther- 
mometer tube. We now give the usual laboratory method 
of constructing a student’s rough form of thermometer. 

A length of thick capillary tubing, having as uniform a 
bore as can be found, is taken and well washed, first with 
a solution of potassium bichromate in strong sulphuric 
acid, then with distilled water, and finally dried by a 
current of hot air. Before proceeding to construct the 
instrument, it is well to make a preliminary test of the 
uniformity of the bore of the tube chosen. For this 
purpose, a short threa<l of mercury about an inch long is 
introduced by Suction into the tube. 
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With a little management, a thread of the desired 
length may be got into the bore and moved into any part 
of the tube. This done, the length of the thread is 
measured by suitable means in a particular position in the 
tube ; the thread is then moved into some other position, 
and again measured, and so on. If the length remains 
constant for different positions it is evident that the bore 
must be perfectly uniform. This is never found to be the 
case with any tube, and if the differences in length are 
very great the tube must be rejected and another tried. 
When finally a suitable tube is obtained, one end is heated 
till melted, and is then blown into a bulb. 

The size of the bulb is determined by the 
purpose the thermometer is intended to 
serve. The larger the bulb the longer will 
be the degrees of the scale. 

In order to introduce mercury into the 
bulb a funnel-shaped reservoir is made at 
the top of the tube,* or a small funnel is 
attached to the tube by means of an india- 
rubber joint (Fig. 5), and more than suffi- 
cient mercury to fill the bulb is poured into 
it. The bulb is gently heated, so that the 
air in it expands, and some of it escapes 
by bubbling through the mercury. It is 
then allowe<l to cool, and as the air con- 
tracts a small quantity of the mercury from 
the reservoir enters the bulb. This process 
of alternate heating and cooling is con- 
tinued until the bulb is about half full of 
mercury. 

The bulb is then gently heated until the mercury boils 
and its vapour exi)els the air, which bubbles through the 
mercury in the upper reservoir. All traces of air and 
moisture are thus removed, and when the tube is allowed 
to cool the mercury in it forms a continuous column filling 
the bulb, stem, and part of the funnel. While still warm 

* Such thermometer tubes can bo bought rea<ly-raade from most 
instrument makers. 
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the excess of mercury in the funnel is poured off and the 
tube is heated at a point just below the bulb and then 
drawn out so as to greatly constrict the 
bore. The bulb is now heated a little 
above the highest temperature the ther- 
mometer is intended to indiciite. Tlie 
mercury now completely fills tlie stem, 
and while it does so a blow-pipe fiame 
is brought to bear upon the constriction 
and the upper part of the tul)e is drawn 
off and the thermometer finally closed. 

The instrument is now ready for 
graduation, but it is better to keep it 
from two to three weeks before pro- 
ceeding with this process, because when 
glass has been heated to a high tempera- 
ture it takes a long time (in some cases 
years) to recover its original volume. 

Fig. 6 shows the usual forms of a 
mercury -in-glass thermomeU?r. 

If great accuracy is desired the ther- 
mometer should bo kept for several 
months before graduation. 

16. Determination of the fixed points 
of the thermometer scale. As a pre- 
Fig. C. liminary to graduation it will be neces- 

sary to mark on the stem the position 
of the thread corresponding to tlie two standard tempera- 
tures referred to alx)ve as the freezing point * and boiling 
point of water. 

The freezing point. To determine this point the ther- 
mometer is placed in a cylindrical vessel f and the reservoir 

* The lower tbceti |K)int is always called the freezing point, 
though, iu reality, it is the melting point of ice, not the freezing 
point of water. The freezing point of water, in fact, is not con- 
Btant, but is influenced by several circumstances. 

t ^metimes a funnel is recommended for this purpose, but this 
is unnecessary, for as long as any ice remains in the cyliiuler the 
temperature is that of the freezing point. 
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and the lower part of the stem are completely surrounded 
by melting ice (Fig. 7). When the level of the mercury 
becomes perfectly stationary a fine mark is made 
on the stem at the extremity of the column. This 
is one of the fixed reference points on the scale 
and indicates the temperature of melting ice. 

The boiling point. In order to mark this second 
point on the thermometer the apparatus shown iu 
Fig. 8 is used. It is made of copper and the 
steam from water boiling in the lower part cir- 
culates round the 
double casing of 
the upper part, and 
escapes by a 
side tube near the 
bottom of the outer 
casing. The ther- 
Fig. 7. mometer is passed 
through a cork, and 
placed in the apparatus in 
tlie position indicated iu 
the tigure. After some 
time the mercury becomes 
stationary, and the thermo- 
meter is adjusted so that 
the top of the mercury col- 
umn is just seen above the 
cork ; its position is then 
marked, and the second 
reference point on the scale 
is thus determined. It iii- 
diaites the temperature of 
steam from water boiling 
under the atmospheric pres- 
sure indicated by the baro- Pjg 

meter at the time of the 

determination. For the present we shall suppose this to 
be normal. 

If such an apparatus as shown in Fig. 8 is not available — and it 
is not really neces.sary, except for the most accurate work — a flask 
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with a long neck may be used. The thermonteter is supported by 
a clamp so tiiat it hangs centrally down the neck of the flask, as 
much of the thermometer being in the flask as possible, care, how- 
ever, being taken that the bulb is well above the boiling watei-. 
Figs, 1 1 and 12 give other suitable fonns of apparatus. 


It should be noticed that the thermometer is placed in 
the steam and not in the boiling water. It has Ijeen found 
tliat the temperature of boiling water dejmds on a variety 
of circumstances, whereas the temperature of the steam 
de{)end8 only on the pressure at which boiling t^kes place. 

The distiince between the freezing point and the boiling 



point on any given thermometer is sometimes 
calle<l the fundamental interval of that ther- 
mometer. 

17. Graduation of the thermometer. The 

two reference marks being thus obtained, it 
remains to graduate the space between them, 
and te continue tlie division throughout the 
whole length of the stem. A zero point is 
then chosen and the divisions below it are 
marked negiitive, and those above positive. 
There are three scales of graduation now in 
use; and as we may have temperatures ex- 
pressed in any one of these scales, it will be 
uece8s<ary to consider them. They are called 
the Centignule, Fahrenheit, and Keaumur 
scales (Fig, 9). 

For the Centigrade scale we are indebted 
to Celsius, a Swe<le. On it the freezing point 
is taken as zero and marked 0^; the boiling 


'I a ^ point is marked 100*^. The space betwe(‘u 

I' I g the fixed points is thus divided into 100 

5 3 equal divisions, called degrees. Graduation 

Fig. 9. on the same scale is extended beyond the 
reference points ; and the divisions below 


zero — Le. below freezing point — are considered negative, 
and those above positive. This scale is the one most 
generally used for scientific purposes. 

The Fahrenheit scale was introduced by Falirenheit, a 
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German of Dantzig, about the year 1714. On it the 
freezing point is marked 32° and the boiling point 212°, 
the space between being divided into 180 equal degrees, 
and the division extendi above and below the fixed points. 
In this method of division the zero is at a point 32° below 
the freezing point ; it is supposed to indicate the lowest 
temperature which can be got by mixing snow and salt.* 
This scale is very generally used in Great Britain for the 
purposes of ordinary life, and to some extent for those of 
science, especially iii meteorology. 

On the scale invented by R<^auniur, a Frenchman, the 
freezing point is taken as zero and marked 0°, and the 
boiling point is market! 80°. There are thus 80 equal 
divisions between the fixed points on this scale. It is used 
ill several European countries for medical and domestic 
purposes, but is never used in England. 

Ilaving decided on the scale the thermometer stem is 
coated with paraffin- wax and the scale scratched thereon. 
The stem is then exposed to the action of hydrofluoric 
sicid, when the exposed part of the stem is etched. The 
wax is then melted off. 

A degree of temperature on any thermometric scale is 
the cbange of temperature corresponding to the expansion 
of the mercury in the thermometer from one division of 
the scale to the next. 

A particular temperature on any thermometric scale is 
the temperature indicated by a thermometer when the 
mercury in the stem stands at a particular division on that 
scale. For example, the temperature 15° 0. is the tem- 
perature indicated when the mercury in the stem of a 
mercm*y-in-glass thermometer stands at the 15th division 
above zero on the Centigrade scale. 

It is sometimes necessary to convert temperatures ex- 
pressed in one scale into the corresponding temperatures 

* In Fahrenheit’s original scale the upper fixed point was the 
ternperaturo of a human being in normal health, and was taken as 
2r. It wivs later altered to 96. The scale was now extended to 
the boiling point of water, which was found to be about 2U“. The 
temperature of boiling water was now taken as 212, and on the 
scale as now amended the temperature of a human being is 98®. 

H. T. P 2 
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in one of the other scales. To effect this it is also neces- 
sary to remember that the range of temperature from 
freezing point to boiling point is the same on each scale, 
and that the freezing point on the Fahrenheit scale is 32 
degrees above the zero of that scale. Hence 180 degrees 
on the Fahrenheit scale are equivalent to 100 degrees on 
the Centigrade scale and 80 degrees on the Koaumur scale, 
that is 9 degrees Fahrenheit = h degrees Centigrade = 4 
degrees Keaumur ; and a temperature F on the Fahrenheit 
scale is (F — 32) degrees above the freezing point. 

If therefore F, C, and li denote corresponding tempera- 
tures on the Fahrenheit, Centigra<le, and Keaumur scales 
we have the relation 

(F-32): C; K ■: 9: 5; 4 or ^ = -? = 

9 0 4 


Example. If a Fahrenheit and a Centigrade thermomoter are 
placed in the same liquid, and the Fahrenli^it instrument reads 68®, 
what is tlie reading of the Centigrade instt nnient? 

The liquid is (68 - 32) = 36® F. above freezing point. 

Therefore the distance from the freezing point to the head of the 
mercury column 


F. 


212 -^ 



= (distance from the freezing to the 
boiling point) 

^ (distance from the freezing to the 
boiling point). 

Therefore in the Centigrade thermometer 
also the distance from the freezing point to 
t he head of the mercury column 

« i (distance from the freezing to the 
boiling point) 

^ J X 100 « 20. 

- Tlierefore the indication on the Centigrade 
^ instrument is 20®. 


. . Noti . — In working such problems as this it 

is as well for beginners to sketch two ther- 
mometers side by side as in Fig. 10 in order 
to understand clearly that it is the tubes between the freezing and 
the boiling points which are to be divided proportionately. 


18. Comparison of merenrial thermometers with one 
another. From what has been said it is plain that one 
important thing aimed at in the construction of thermo- 
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hieters is, that the indications given by different but 
similarly constructed instruments may be comparable with 
one another, so that a temperature referred to by one 
experimenter may be reproduced by anyone wishing to 
do so. If it were possible to make all mercurial ther- 
mometers out of the same glass, their indications would 
be strictly comparable. This is, however, impossible ; and 
it must further be remembered that the construction of 
a thermometer is a very difficult operation, and that, there- 
fore, errors in construction are almost certain to be made. 

For these reasons mercurial thermometers are not, in 
practice, strictly comparable ; and. it is usual to compare 
all thermometers, likely to be used in important experi- 
ments, with a standard thermometer. Such a standard is 
kept at the National Physical Laboratory at Teddington, 
and any thermometer sent there for comparison is returned 
witli a table of corrections, the application of which will 
make its indications or readings strictly comparable with 
those of any other instrument similarly compared. 

Exp, 5. Test the correctness of the freezing-point mark 
on a thermometer. Chisel off with a lai-ge chisel enough 
ice from a block of ice to fill a bottle or earthenware pot. 
Add a little water and insert the thermometer well into* 
the mixture. Wait till the reading is conshint, then note 
it down. The difference between the reading and the 
freezing point as marked is the error of the thermometer 
at this temperatui’e. If the reading is above the freezing 
point the correction is negative, if below it is positive. 

Exp. 6. Test the correctness of the boiling-point mark 
on a thermometer. A flask provided with a side tube 
and thermometer (Fig. 11) is most suitable for this purpose, 
or a flask may be fitted up with a side tube as shown in 
Fig. 12. The thermometer is thrust well down through 
the. cork* until the bulb is about an inch or two above the 

Tho thermometer may even l>e supported in a clamp to hang 
centrally down the neck of the flask. No cork or side tube are 
then required. 
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water in the flask. Boil* the water for about Are minutes } 
the mercury. Column should then be quite steady, and the 
position of the top of the column can be lead. This will 
be the boiling point. Correct for pressure if necessary ,t 
and then find the correction to be applied to the thermo- 
meter at this temperature. 



Fig. 11. 



Fig. 12. 


Exp. 7. Compare two graduated thermometers. tlje ther- 

moineters. A, li, together in a largo water l>aith provided with a 
stirrer. One of the thermometers, A, is to l>e considered as the 
reference or standard thermometer. Warm the bath to definite 
temperatures as indicated by A, say 0", 10", 20“, etc. Note the 
respective readings of the other thermometer, B. Between the 


* To prevent tlie water bumping as it boils, place a few fragments 
of unglazed earthenware (broken flowernot) in the flask. When 
Ijoiling occurs, a continuous stream of buoblea of steam will c<jme 
otF from these fragments, the boiling being continuous and com- 
paratively gentle. 

t The temperature of boiling depends on the atmospheric pres- 
sure. By definition (see Chapter XI.) the temperature of steam 
from boiling water is 100®C. only when the barometer reads 7C0 mm. 
at 0" C. at sea level in latitude 46®. If, therefore, great accuracy is 
icquired read the barometer. At sea level in the latitude of London 
the temperature of Iwiling is approximately 0.367^0. IkjIow or above 
100" C. lor each millimetre that the barometer (corrected to 0® C.) is 
below or above 769*6 mm. (See Art. 140 . ) 
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temperatures of observation the bath may be heated quickly, but 
when near to one of them adjust the Bunsen flame so that the 
temperature changes very slowly and stir well. 

Compare a Fahrenheit thermometer with a Centigrade. Pl<^ 
(i) the readings of the Fahrenheit thermometer with regard to those 
of the Centigrade, also (ii) Fahrenheit temperatures equivalent to 
Centigrade. (The latter is a straight line ; 50° F. «* KrO., 140° F. 

- 60 °a) 

If tlie curve obtained in (i) is approximately a straight line, then 
the bore of B is practically as uniform as the standard. If the 
curve is definitely above or below the straight line of equivalent 
temperatures (ii), it is likely that the scale has been badly fixed to 
the stem. 

19. Different forms of thermometers. For special pur- 
poses various forms of thermometers are used. The more 
important of these are descril^ed below. 

The alcohol thermometer. Alcohol is sometimes used 
instead of mercury iu the construction of thermometers. 
It lias the advantage that it can be employed for very 
low temperatures : mercury solidifies at — 39° C., whereas 
alcohol may be exposed to a very much lower temperature 
( — 1 30° C.) without solidifying. It also expands much more 
(ten times) than mercury for the same rise of temperature. 
The expansion of alcohol is not uniform with temperature 
as indicated by a mercury-in-glass thermometer. The 
expansion increases with the temperature, and for tliis 
reason alcohol thermometers are usually graduated by 
direct comparison with a standard mercurial thermometer. 

Another advantage of alcohol is that an alcohol ther- 
mometer has a less capacity for heat than a mercury 
thermometer of equal seusitiveness. A disadvantage, 
however, of the alcohol thermometer is that if the top of 
the stem is colder than the bulb the alcohol has a 
tendency to distil over from the bulb into the top of 
the stem, thus rendering the graduations temporarily 
inaccurate. 

Pentane is another liquid used in low-temperature 
thermometers. 

Exp. 8 . Graduate an alcohol thermometer. As alcohol boils at 
78° 0., temperatures higher than this (amongst these is tho steam- 
point) cannot bo determined, Immerse (see Bxp. 7) the ther* 
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niometer sucoossivcly in baths at 7b” C., GO’O., down to O^C. (ice 
and water), and - 10'“ 0. (obtained by a mixture of ice and salt), as 
indicated by the standard tliermometer. In each case mark the 
position of the alcohol surface with a piece of ootlon tied tightly 
around the stein of the thermometer. 'J'ransfer the position of the 
cotton rings to a card, and divide the spaces so that the scale may 
mid to degrees, flind tlie card to tlio stem by lino wire. 


High temperature thermometers. Mercury boils at 
357° C. at normal pressure, and ordinary glass softens at 
iiigh t«mj)eratures. In order to get thernionieters which 
will read to high tem|)eratures, up to 550° C. say, these 
difficulties are got over by using a very hard glass (boro- 
silicate) for the therinorneter and filling the space above the 
mercury with nitrogen at high pressui'o (16 atmospheres) 
to retard the boiling of the mercury. In otlier forms 
of high temperature thermometers the mercury is replaced 
by the liquid alloy of sodium and potassium. This alloy, 
which looks very much like mercury at ordinary tempera- 
tures, has a very liigh boiling point. 

Electrical methods of measuiing very high and very 
low temperatures. The electrical resistance of a metal 
wire varies with temperature in a simple manner, and 
as it is an easy matter to measure such resistance very 
accurately tliis variation of resistance affords an accurate 
ineaus of measuring teinjx^rature. 

Again, the thermoelectric current iu a circuit containing 
two junctions of two different metals de[>euds on the 
difference of teuqxsrature between the junctions, and this 
variation of current provides a simple means for the 
measurement of temiX’iaturo. The advantage of both 
these methods lies iu their applicability to very high and 
veiy low tern res. For a further description see 
Chapter XVIII. 

The air thermometer. When we come to consider 
what should be the properties of a perfect tliennometric 
substance, we shall find that air (or some similar gas 
which closely conforms to Boyle’s Law) comes nearest the 
required st^dard, and is sometimes used when very 
accurate measurements are required. More usually a 
mercurial thennometer which has been compared with an 
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air thermometer is employed. We shall consider the air 
thermometer when dealing with the expansion of gases. 

20. Maximum and minimum thermometers. It is often 
necessary to know the highest or lowest 
temperature reached in a given interval 
of time. For instance, it is usual in 
making meteorological observations to 
record the highest (maximum) tempera- 
ture attained during the day and the 
lowest (minimum) temperature reached 
during the night. For these purposes 
maximum and minimum thermometers 
are employed. 

Six’s maximum and minimum thermo* 
meter is one of the oldest of its class, 
and is at once a maximum and mini- 
mum thermometer. Its general plan of 
construction is shown in Fig. 13. The 
bulb B and part of the stem down to m . 
is filled with alcohol. This is the real 
thermometric pait of the instrument: 
the column of mercury, m which 
occupies the U-shaped part of the tube Fig. 13. 
merely acts as an index. Above w' the 
tube contiiins alcohol, as also does the lower half of the 
bulb C. The upper half of C contains alcohol vapour only, 
thus leaving room for expansion. 

As the alcohol in B expands or contracts the extremities, 
m and of the mercury column rise or fall as the case 
may be, and the extreme point reached in each case is 
indicated by one end of a fight steel index, i or i‘ (shown 
on a larger scale at I). This index is pushed before the 
mercury column, and is prevented from returning by 
means of a spring, S, which is just strong enough to hold 
it in its place. The position of the index i evidently in- 
dicates the minimum temperatui*e reached, and that of i* 
the maximum temperature. When it is required to set 
the instrument ready for any observation, these indices are 
brought into contact with the ends m and w' of the mer- 
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ourial column bj means of a small magnet. This instru* 
ment is largely used by gardeners and nurserymen. 

Butherford’s maximum and minimum thermometers are 
two separate instruments, but are usually mounted on the 
same frame, as shown in Fig. 14. 



Fig. 14. 


The maximum thermometer, X, is a modification of the 
ordinary mercurial thermometer placed in a horizontal 
position. The maximum tempemture is rt*gi stored, as in 
Six's instrument, by means of a steel index c. As the 
thermometer lies horizontally there is no necessity to 
attach a spring to the index. The maximum temperature 
will thus be indicated by the position of that end of the 
index which is nearest the bulb of the thermometer. 

The minimum thermometer, N, is an alcohol thermo- 
meter, and is the only minimum thennometer in general 
use. It is placed in a horizontal position, and for regis- 
tering the minimum temperature there is a small index of 
glass or enamel n, which allows the column of alcohol to 
exfiand past it without moving it ; but when the alcoliol 
contracts, the index, being wetted by the liquid, is drawn 
backwards by the surface film at the extiemity of the 
alcohol column. The minimum temperature is thus indi- 
cated by the position of that end of the index which is 
furthest from the bulb. 

The instruments are set by inclining the frame in such 
a way as to cause the indices to slide down to the ends of 
the liquid columns. They are largely used by meteoro- 
logists. 

Phillips* maximum thermometer (Fig. 15) is a mercury 
thermometer with a very fine bore, in which the column 
of mercury is broken by a small bubble of air which 
separates a short thread of mercury from the rest of the 
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column. This thread takes the place of the index in 
Rutherford’s thermometer. The instrument, which usually 
occupies a horizontal position, is set by placing it in a 
vertical position and gently tapping it. 

The bubble of air is thus reduced to its 
smallest dimensions, the gap in the column 
l)eing about 1 mm. in length. When the 
mercury expands the index thread is pushed 
on so long as expansion continues. When 
contraction takes place the thread remains 
shitionary, and the graduation is so ar- 
ranged that the forward end indicates the 
maximum temperature experienced since 
the instrumeut was last set. 

Tlie ordinary clinical thermometer (Fig. 

16) is a form of maximum thermometer. 

There is a constriction in the stem (c, Fig. 

16). When the mercury expands it readily 
j)a8ses through the constriction, but when 
tlie mercury is cooling the column breaks 
at this point, as shown in the figure. The 
position of the upper end of the column 
left in the stem can thus be read at leisure. 

This thermometer is graduated to give a 
short range of temperature above and 
below 98’4° F., the normal temperature of 
the body. If placed in the mouth or arm- 
pit for a few minutes until it attains a 
stationary temperature its maximum read- 
ing gives the temperature of the body. 

21. Very sensitive thermometers. When Fig. 15. Fig. la 
a salt is dissolved in water the temperature 
of the water is lowered. If the solution is now heated 
to boiling it will be found that the temperature of boil- 
ing is above that of the temperature of boiling of pure 
water, and if the solution is frozen its freezing point will 
be lower than the freezing point of pure water. In 
physical chemistry the measurements of the cooling pro- 
duced by solution, tlie elevation of the boiling point ivud 
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the depression of the freezing point are of great impor- 
tiince and sensitive thermometers have been devised for 
tlie purpose. 

It is obvious that if a small difference of temperature is 
to be measured accurately, the bulb of the thermometer 
must be large in comparison to the volume of 
unit length of the bore. If the thermometer is 
to read actual tempemtures over a long range 
this would necessitate a very long stem. It is, 
however, not actual temperatures that are re- 
quired but only differences of temperatures, so 
that a short-stem thermometer serves the pur- 
pose provided there is some means by which the 
end of the mercury column can always be got to 
rest within the limits of the scale. 

Fig. 17 shows a Beckmann’s thermometer 
designed for this work. It will l)e noted that 
the stem at the top of the tube is turned over 
and enlarged into a reservoir into which the 
excess mercury can be driven. For example, 
suppose that with the thennoraeter shown in tlie 
figure, whose stem covers a range of 6® C. and 
which reads to we wished to measure 

the lowering of temperature when common salt 
is dissolved in water. The thermometer is 
heated to a temperature a little higher than the 
water so that the mercury column expands into 
the reservoir. The thermometer is now placed 
in the water, and the mercury column will come 
back to rest just below the upper limits of the 
scale. The salt is now mixed with the water, 
the water well stirred, and the cooling observed. 

It will be noticed that with these thermo- 
meters the stem of the thermometer is quite a 
fine tube and is protected from outside by an enclosing 
tube fused on to the bulb of the thermometer. The scale 
is engraved on a piece of milk glass which fits behind the 
stem and between it and the outer sheaf. The walls of 
the bulb are very narrow, in order that the mercury shall 
soon arrive at the temperature of the Ijath in which it is 
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placed. Obviously the scale of such a thermometer must 
be calibrated by comparison with a standard thermometer. 
The quantity of mercury in thermometric use differs in 
different experiments, but the difference is so small that 
no correction to the size of the degrees is required on this 
account. 

22. Sources of error in a mercurial thermometer. The 

more important sources of error are : — 

(1) Change of zero. In many cases, if an ordinary 
mercurial thermometer, which has been made for some 
time, is placed in nielting ice, it will be found that its 
iinlication is a little higher than the freezing point marked 
on the scale. The reason of this is referred to in Art. 16. 
If the thermometer tube has not been kept long enough 
before graduation, the gradual contraction of the bulb 
after graduation causes its interior volume to decrease, 
and consequently the volume of the contained mercury at 
0^, although constant, appears to increase, and the level of 
the column corresponding to the freezing point rises. To 
correct this error, it is only necessary to re-determine the 
freezing point from time to time, and to deduct the 
observed error from any reading made. Thus, if zero is 
found, some months after gmduation, to bo at 0*1° C., and 
t he reading of the thermometer when placed in a bath of 
water is 64’5°C.,the correct temperature of the bath is 
G4'4°G. 

(2) Recent heating. This is a temporary source of error 
arising from the same cause as change of zero. If a ther- 
mometer is heated to a high temperature and then allowed 
to cool, the bulb will for some weeks have a larger volume 
than the normal. Hence, if the thermometer is placed in 
a liquid of lower temperature, the mercury will not rise to 
the same graduation as it normally would, and the tem- 
perature it indicates will he lower than the real tempera- 
ture of the liquid. The same thermometer must therefore 
not l)e used for determining low temperatures soon after it 
has been used for high temperatures. The error is merely 
temporary, and is, after a day or so, quite inappreciable. 
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It is for the above reason that, in the construction of 
thermometers, the fi*eezing point is determined before the 
l)oiIing point ; if the latter were determined first, and the 
former soon after, the zero would bo marked too low on 
the scale and would giuduallj rise, as explained above, 
under change of zero. 

(3) Temperature of the steam at time of marking the 
boiling pohU. The temj)erature of steam depends on tlie 
atmospheric pressure under which boiling takes places At 
760 mm. of mercury at 0^^ C. at sea level in latitude 45°, it 
corresponds to 100° C. or 212° F. ; but if the pressure is 
greater or less than this, the boiling point indicates a 
temperature higher or lower than this temperature. 

Tables have been drawn up from experiments by 
Itcgnault giving the boiling points corresponding to a 
wide range of pressures (see Table, p. 236). Hence, if 
the barometric height is read at the time of determining 
the boiling point, the temperature corresponding to this 
height can be obtained from these tables, and the gradua- 
tion airried out accordingly. 

(4) Temperature of the stem. When a thermometer is 
used to determine a temperature, it is often impossible ti> 
subject more than the bulb and a small portion of tlu^ 
stem to this temperature. The upper portion of the stem 
is thus at a different temperature from the rest of tlu) 
tube, and consequently the reading will be slightly dif- 
ferent from what it would be if the whole thennometiir 
took up the temperature it is intended to indicate. If the 
temperature of the bath is higher than that to which the 
stem is exposed the reading is too low, and if the temper- 
ature of the bath is lower than that of the outside temper- 
ature the reading is too high. Approximate calculabh^ 
corrections can be applied in both cases, and will be dealt 
with in the chapter on the Expansion' of Liquids. In 
some cases this correction may be considerable. 

(5) A thermometer should always be read in the 
position in which it was graduated ; for, if the bore is very 
fine and the bulb thin, the influence of the pressure due to 
the contained mercury on the volume of the bulb may 
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Cause an appreciable change of the reading when the 
position of the instrument is altered. It is obvious that 
the reading will be lowest when the thermometer is held 
vertical. 

((>) Inequality of hore. Ordinary thermometers are 
graduated by dividing the distance between the two fixed 
points into a number of equal parts. This method is 
satisfactory if the bore is exactly uniform, but is obviously 
incorrect if the bore is larger at some parts than at others. 
Two methods are available for arranging that the readings 
shall indicate temperature correctly. One method is to 
graduate the bore so that the volumes between the marks 
are equal, the other is to graduate in equal lengths, as 
stated above, and then test the uniformity of the bore and 
so find out the correction which has to be applied at each 
division to give the correct temperature. (Particulars of 
tliose methods will be found in practical treatises.) 

(7) Theoretically, corrections should bo made for the 
pressure of the air at the time of determining the freezing 
point, and also for tlie influence of external pressure on 
the volume of the bull); but these sources of error are, 
under suitable coiulitions, quite inappreciable. 

From what has l)een said above it is obvious that it is 
not an easy matter to measure any particular tempei-ature 
accurately, say to the thousandth of a degree. It is, how- 
ever, fairly easy to measure accurately difference of tem- 
perature to this extent. 

SOME COMMON OR IMPORTANT TEMPERATURES. 


CentiK'ttilo. 
7000 ... 

The sun 

3500 ... 

The elootric arc 

2800 ... 

Oxy-hydrogen flame 

2230 ... 

Temperature of Kossemer furnace 

1710 ... 

Platinum melts 

1500 ... 

Iron melts 

1400 ... 

White heat 

1200 ... 

Orange red heat 

1083 ... 

Copper melts 

961 ... 

Silver melts 

700 ... 

Dull red heat 
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Contijfra<i0* 
400 ... 

Coal ignites at about this temperaturd 

357 ... 

Mercury boils 

327 ... 

r.eatl melts 

232 ... 

Tin melts 

115 .. 

Sulphur melts 

100 ... 

Water boils { = 212™ F. ) 

79 ... 

Alcohol boils 

53 ... 

Highest shade temperature recorded 
Temperature of human body in health 

36-8 ... 

17 ... 

( = 98-4™F.) 

Mean temperature of sea ( — 62™ F.) 

0 ... 

Water freezes ( = 32® F.) 

-17-7 ... 

Mixture of salt and ice ( == 0™ F.) 

-39 ... 

Mercury freezes 

-01-7 ... 

Record natural lowest temperaturo 

-130 ... 

Alcohol freezes 

-183 ... 

Oxygen liquefies 

-253 ... 

Hydrogen liquefies 

-268’6 ... 

Helium liquefies (the lowest temperature 

-273T ... 

yet reached) 

The absolute zero = - 459® F. ) 


EXERCISES II. 

1. What do we mean by tlie temperature of a substance? State 
what properties of kxlics wo employ for the purpose of indicating 
temperatures. 

2. What are the freezing and lx)iling points of a thermometer? 
They are commonly called fixed iwinta ; how do they differ under 
ordinary circumstances in respect of being fixed points ? A tem- 
perature is 20** on Fahrenheit’s scale : what is it called on the 
Centigrade scale ? 

3. Mercury freezes at — 40'* C. What is the corresponding 
temperature on the Fahrenheit scale ? 

4. To how many Fahrenheit degrees of temperature are 20 

Centigrade degrees equal, and what Fahrenheit temperature is the 
same as 20® C. ? ' 

6. Convert the following Centigrade temperatures into their 
equivalent temperatures in each of the other scales : — 

850™, - 6“, - 50“, 

6. Convert the following Fahrenheit temperatures into their 
equivalents in each of the other scales : — 

230™, 27% ~ 10% - 40®. 
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7. Convert the following IWaiiraur temperatures into their 
equivalents in eaeh of the other seales :~ 

llO; -27”. 

8. Prove the following formula for the eonversion of Fahrenheit 
temperatures into Centigrade temperatures and vice versa. 

C + 40 = |(F + 40), 
or F + 40 = §(C + 40), 

9. A thermometer was calibrated with the following results 

(u) Assuming the O’C. and 100° C. points to be correct, the 
following table gives the corrections at the enumerated tem- 
peratures 



r 

30® 


50“ 

60» 


r 

r 

+ •12: 

+ ■24 

+ ■27 

i 

+ •23 

+ •12 

+ •10 

+ •08 

+ •06 

+ ■06 


(h) The correction at 0°C. is - ‘20° C., the correction at 100° C. 
is - CC. 

Plot a curve between correction and temperature and find the 
corrections at 25°, 45°, 85° C. 
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APPROXIMATIONS. 

23. Every reading of an experimental result obtained 
in any one of the experimental sciences— Mechanics, 
Physics, Chemistry, etc.— is only approximate, ie, it is not 
absolutely true. For example, suppose the length of a 
straight line is measured by an observer with a scale 
graduated to tenths of an inch. If he is not a trained 
observer he will give its length as, say, 7*9 inches and a bit 
more. A trained observer would estimate by eye what 
fraction of a tenth of an inch the line was over 7*9 inches. 
Suppose lie gives the result as 7’92 inches. We may tlien 
assume that the true length of the line is something be- 
tween 7'915 and 7 925 inches, i.e. wo can only trust the 
result to the. third significant figure. 

Again, suppose in measuring the sides of a nxjtangle 
with a scale gniduated to millimetres the readings are 4*34 
and 276 cm., the fraction of a millimetre being estimated 
by the eye. Since area =: length X breadth, one might bo 
inclined to say area = 4*34 x 2 76 = 11*9784 sq. cm. 

It would, however, Ix) wrong to think that such an answer 
wjis correct in its entirety, for the sides have not been mea- 
sured sufficiently accmrately to justify this. The longer side 
may be anything between 4*335 and 4*345, and the shorter 
side anything between 2*755 and 2*765. Assuming that tho 
lowest estimates are the correct lengths, the area is found to 
be 11*9429 sq. cm. ; and assuming the largest estimates are 
correct, to be 12*0139 sq. cm. Wo have now as the area of 
our rectangle a minimum estimate 11*9429 and a maximum 
estimate 12*0139, the difference king *071 sq. cm., and 
their mean is 11*9784. The area may thus be mathe- 
matically given as 11*9784 ± *0355 sq. cm., or in practical 

JO 



APPROXIMATIONS. 


33 


language as 12 0 sq. cm., placing little reliance on the 0. 
Of course errors made in estimating one dimension may 
neutralise errors made in estimating the other dimension, 
but this cannot be depended on. 

Again, suppose the above rectangle to be one face of a 
rectangular box the third side of which measured as before 
is 152 cm. Working out the volume by the usual rule 
we get 4 34 x 276 x 1-52 = 18*207168 c.c. The volume 
may, however, be as low as 4*335 x 2*755 x 1*515, i.e. 
18*09353 C.C., or as high as 4*345 x 2*765 X 1*525, i.e. 
18*32123 c.c. 

To be perfectly honest about it we can only give the 
volume as 18*2 c.c., placing little reliance on the 2; the 
third figure may be 1 or it may be 3. 

It will be noticed that in the above examples the dimen- 
sions are measured to three significant figures in each case 
and the area or volume can only be trusted to three signifi- 
cant figures : hence we get the general rule that the result 
of calculations based upon measurements should only con- 
tain as many significant figures as there are in the least 
accurately measured datum. 

Note . — Ciphers do not count as significant figures unless they lie 
between nmnhi rs which are not ciphers. Thus in either of the 
numbers 3002500 or •0.‘J002o there are five significant figures, viz. 
30025. 

In consequence of the rule above approximate methods 
of calculation can be used in nearly all physical work, 
with a great saving of time and trouble, and without sacri- 
ficing the iiccuracy of the work. If the number of factors 
to be multiplied or divided is large 4-figure logarithms are 
a great boon. These logarithms are quite accurate enough 
for most physical calculations. It is a waste of time to 
use 7-figure logarithms. 


24. Small quantities occur frequently in problems on 
expansion, e.g. small increments of length, and the arith- 
metic containing these quantities is apt to consume much 
time unless some artifices are employed. 

H. T. p. 


3 
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1. Note that the square or cube (or any liigher power) 
of any very small quantity is very small in comparison 
with that small quantity itself. Thus 

(0 002)* = 0-000004. 

(0002)=* = 0-000000008. 

Also the product of any two small quantities is negligibly 
small in comparison with eitlier of those quantities. Thus 

0 002 X 0-003 = 0-000006. 

It is evident then that in such an expression as 

1-031 -f 0 002 d- (0-002)*, 

whei-e the (juautities are all derived from measurement, 
the correct answer is not T033004, but simply 1-033, for 
the third quantity is of mucli less import:iince than the 
possible errors in the first two quantities. 


Example. What is the area of a square whose side w^hen mea- 
sured is found to be 1 ’003 cm. ? 

By direct multiplication { I -003) ' = I ’(X)C<X)t). I’he datum is jiccurute 
to four significant figures, hence this is als(» tiie accuracy of the 
answer, hence the area = 1 006 sq. cm. Using an elementary 
t heorem in Algebra, viz. 

(a + ^ a* + 2 « 6 f- 

we see that ( 1 1 O-OO,*!)- - 1 + 2 x 0*003 -f (0 003)' 

~ 1 -f 2 X 0-003 by the aljove 
- I (m. 

Hence, as a general rule, we may say : — When a is small 
a* is negligible in comparison with a, and 

(l + a)*=l + 2.u. ' 

Similarly (1 + a)* = 1 -f 3a -|- 3a* -j- a* and in practice is 
equal to 1 -f 3®- 

Again (1 >f «) (1 -f ^) = 1 + a -f /? -f «i8. This when 
both a and are negligib^ small = 1 + a -f : for, in 
comparison with a and p, ap is negligible. 
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Example. The sides of a rectangle are measured and found to 
be l '(XX)62 feet and 1’00045 feet. Find the area. 

Area = (1*00062) (1-00045) 

= 1 + *00062 + *00045 
= 1*00107. 

It may, however, be anything between 1*00106 and 1*00108. 


II. Again, by actual division, the reciprocal of 1 — a 
wliei-e a is less than 1 is given by 

. rr I -4- a -f- -f • * . 

I — a 


.*. When a is very small 


1 



a 


i^imihirly under the same conditions 

— which = 1 — a -b a* — a* , 
1 + a 

rediujes to 1 — a. 


Also if both a and ^ are small 

= l + a-p. 


Example. Divide 1*000.38 by 1*00097. 

= ' + *><*'^* - = 1 - 

1 *01K>97 

*99941. 

III. A summary of the above and some other simple 
results is here given. Eemember that for the results to be 
true tt and ^ must be very small in comparison with unity. 

(I±a)(l±j8) = l±a±^ 

(1 ±a)2=:l ±2a 

(1 ± a)’ = 1 ±3a 
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i _ — 1 — a and — = 1 4- a 
1 -f a 1 — a 


l±a 

l±P 


= l±aTI^ 


>/l ± a =1 1 ± 2 


^l ± a = 1 ± ^ 


lY. In working out numerical problems students wall 
sometimes obtain recurring decimals. Now, on thinking 
of the real meaning of a recurring decimal it is evident 
that such a thing can have no pla(X» in physics. The 
nearest approximation, decimal or fractional, must begivisn 
in all cases. 


Example. The perimeter of an equilateral triangle is found by 
measurement to bo 2o‘l cm. Find the length of the side. 

Side — I of perimeter — ^ of 25*1 = ‘SSd. 

This, however, means 8'3()6(ifk)66 .... i.e. an infinite accuracy is 
assumed, which is, of course, quite unjustifiable. The result should 
be stated as 8’ 37, the 7 even being very doubtful. 

Again, working on another method, we say that the length of 
the perimeter may be anything Ixjtween ‘io O,') and 23 13. i.e. the 
length of one side may be anything between 8’35 and 8*38, the 
answer given alx)ve, viz. 8' 37, is not far wrong. 


V. It is also easy to prove that squaring an inaccurate 
numl)er doubles the inaccuracy, and cubing it trebles the 
inaccuracy. 

It also follows that if the square root of a slightly 
inaccurate number be taken the inaccuracy is halved. 

Throughout this book students should carefully observe 
how the above rules are applied. Contracted methods of 
working should be used whenever possible. “ When calcu- 
lating from observed quantities, it is dishonest to use 
more figures than we are sure of.” (Prof. J. Perry in 
Practical Mathemaiics.) 
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EXERCISES UL 

1. The numbers 1*312, IVSCS, 3*509, 4*213 are known correct to 
3 decimal places. Determine their sum and indicate the limits 
of error. 

2. Determine the limits of error in 4*213 - 3’569 (correct to 3 
places). 

3. The numbers 1*7324 and 2*5968 are correct to 4 places of 
decimals only {ie, correct to 6 significant figures). How far can 
their product be relied on ? 

4. A line is measiued and found to be 4*32 in. long. Express 
its length in centimetres given that I cm. = *3937 in. 

5. The radius of a circle is found to be 2*40 cm. Find the area. 


Find the approximate value of— 

6. (1*000024) (1*000065). [Type, (1 -fa) (1 + |3).] 

7. (1*00018) (*99982). [Type, (1 -f a) (1 - jS).] 

8. (1*00035)^; (*999987)1 [Type, (U a)*, (1 - a)3.] 

BilWis' 0«‘ (iTa)’ 


IJM016. 1;0001S l + a.l + a] 

I'OOOIM’ 0-99986’ ^ 


, . ri + 10('0fl0064)-] . 
Ll - 25(1)00(108) J ’ 





12. (4'00072)5, (4-00072)l [Type, «J(1 + a)i, nl(l + a)?]. 
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EXPANSION OF SOLIDS. 

25. In Art. 8, Exp. 1, it was shown that when a solid rod 
is lieatod its length increases. The increase of length is, 
liowever, very minute, and delicate means have to l)e 
devised for measuring it. Before proceeding to quan- 
titative measurements it is well, however, to examine 
whether all substances expand on heating, and if so 
whether they all have the same expansibility. 

Exp. 9. Take two similar strips of sU^l and copfier 
each about 10 in. long, | in. 

1711 ! ii 

a COLO solder or rivet them to- 

gether along their whole 
length so that they are 
straight when cold. Heat 
Fig. 18. the compound strip in the 

flame. Note what hap 
pens. The strip liecomes curved with the copjier on the 
convex side, i.e. the longer side (Fig. 18). This shows that 
copper expands more than steel. 

Exp. 10. Cut two strips of elMinito and deal eaoh alwut 10 in. 
long, Jin. wide, and in. thick, and glue them together along 
their whole length. Rer>eat Exp. 9. Which expands the more whan 
heated, the ebonite or the deal ? 

Exp. 11. Fuse a piece of copper wire into a ghpis rod. What 
happens when the rod cools? The glass fractures, the reason being 
that the copper Contracts more tlian the glass, thus pulling the 
glass to which it is stuck away from the re.si. 


COPPtR 
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Exp. 12. Repeat the last experiment, substituting platinum for 
copper. No fracture occurs on cooling, showing that platinum and 
glass contract (and therefore expand) at about the same rate. 

The result of experiments such as the above is to show 
that all cornmou substances expand on heating and contract 
on cooling, the rates of expansion being different for 
different substances. 

26. Linear and cubical (or volume) expansion. When 
a solid is heated it in general expands, and unless the 
substance is non-isotr<)pic, * such as a crystal, it expands 
ecpially in all directions. For example, if a cube of an 
isotropic substance is heated each edge increases equally in 
length, each face increases equally in area, and the volume 
of the cul)e, as a whole, also increases. Increase of length 
is spoken of as linear expansion, increase in area as super- 
ficial expansion, and increase in volume as cubical or volume 
expansion. 

The study of the amount of expansion may be made 
by exact measurenients of change of length or by exact 
measurements of change of volume. When lengtli mea- 
surements are made linear expansion is directly deter- 
mined, and the corresponding superficial and cubical (or 
volume) expansions are deduced from the result. When 
volume measurements are made volume (or cubical) expan- 
sion is determined directly, and the corresponding linear 
and superficial expansions are deduced from the result. 
Hence in the measurement of expansion the determination 
of linear expansion or the determination of volume (or 
cubical) expansion may be made the starting point. 

27. Bate of expansion with temperature. It must be 
remembered that the thermometric scale of 'temperature 
is derived from the expansion of mercury in a glass tube, 
and that successive degrees of temperature correspond to 

* An isotropic body is a body whoso properties are the same in 
all directions. Examples are metals, liquids, gases. The treatment 
in the text will refer only to isotropic bixlies. 
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successive equal* increment of volume. Hence if we 
measured the expansion of any body degree by degree and 
found the same expansion for each degree rise of tempera- 
ture we might say tliat the rate of expansion with tempe- 
rature was uniform, but such a statement would merely 
mean that the body exjmnds in exactly the same way as 
mercury in glass appears to expand. 

It will 1)6 found that as a general rule substances 
expand in approximately the same way as mercury, that, is, 
the increment of length or volume for each degrte rise of 
temperature is approximately the same, and the expansion 
for one degree rise of temperature is approximately of 
the expansion for n degrees rise of temperature. 

28. Coefficient of linear expansion. The following 
simple law has been established by experiments : — 

If different bodies of the same material are heated 
through the same range of temperature their lengths 
increase by the same fraction of their lengths at 0^ G. 

For example, if the temperature of any body made of 
copper is raised 1° C. on any part of the scale, then the 
increase of its length is found to he of its length at 
0° C. The fraction is called the coefficient of the 

linear expansion of copper. 

Definition. — The coefficient of linear expansion of the 
substance composing a body is the ratio 

increase in length for D C. rise in temperature 
length at 0° C. 

• It should, however, l)e noticed that the incrementa of volume 
for successive degrees of tem})erature are not strictly equal. In 
oonstruoting a thermometer the voluane of the bore between the 
fixed points is divided into equal divisions; but in using tlie 
instrument the volume of each division increase.*! with the expansion 
of the glass tube as the temperature rises, so that the increment 
of volume for each successive degree slightly increases, and the 
increment of volume from, say, 99” C. to Iw’ C. is therefore greater 
than that from 0® C. to 1° C. by the increase in volume of a degree 
division due to the expansion of the glass tube between 1” C. and 
100® C. 
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Simple problems on linear expansion are therefore easy 
applications of the Eule of Three. For harder problems 
it IS preferable to employ a formula. 

Note.— In some cases the solid does not exist at the temperature 
of 0°C. In that case the denominator can either be the length at 
some other chosen temperature or the length calculated forO“C. 
from some formula. As an example, solid mercury melts at -39°C. 
and therefore is unknown at 0°0. 


29. Formula for linear expansion. Let the length of 
a body at 0°C. l)e L,^ and at be Lt, and let I ^ the 
coefficient of linear expansion. 

Then increase of length when heated C. = Li ■— L(j ; 

PC. = (Li-L,^^. 

Thus coefficient of linear expansion = 

Ln 


Obviously this formula may also be written in the form 
Li = L/(H.n). 


30. Surface expansion. A body has the same coefficient 
of expansion whetlier we consider the expansion in length, 
breadth, or thickness. Knowing the increase in length 
and breadth, we can find by ordinary mensuration the 
increase in area or surface. 


Definition.— The coefficient of surface expansion of a 
body is the ratio 

increase in surface for 1® (7. rise in temperature 
sutface at C. 

Thus, if So = area of body at 0°C., 

S<« „ «°C., 

8 = coefficient of surface expansion, 
then, arguing as in Art. 29, we obtain 



or S< = So(l + si). 
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Next consider any jwrtion of the surface in the shape of a square * 
whose side measui es Lo at 0°C. and Lt at <°C. 

Then increase in area for T C. heating ~ T/| — L'*© 

«Po{14-;0*-L»o 

increase in area for PC. heating = (2i + Pt ) ; 

coeff. of surface expansion for this square =« 

h* 0 

= + 


But for any solid i is very small, and therefore P is negligible. 
Hence the ctxiflieient of surface expansion for this square ~ 2/. 
This coefficient determines tlie rate of expansion for any scjuaro of 
any size which can be drawn anywhere on the surface. Hence the 
rate of expansif>n for the whole surface must l)e the same. Thus 


coeff. of surface expansion - 2 x coeff. of linear expansion. 
Thus, to take an example, the increase in the surface of a copper 

of its 


3(J(KK) 


b<xly per rise of temxKsrature'of PC. is ^2 x ‘ 

surface at 0®C., i.e. the coefficient of snrface expansion of copper 

ie ._L_ 

3U0(X) 


The above is capable of an easy geometrical interpre- 
tation. For let the square 

B'^ _c' ABC D (Pig, 19) of unit side 

b 1 .■ - .I, expand for a rise of temptjr- 

ature of P to the square 
AB'C'D', where BB' = DD' 
I, the coeflicient of linear 
expansion. The increase in 
area equals the sum of the 
rectangles B'C, D'C and the 
square C C'. The square C C' 
is of practically negligible area 
compared with the rectangles 
B'C, D'C, and the area of each 
of these rectangles is lx/, 
therefore the increase in area is practically 2/, which is 
thus the coefficient of superficial expansion, 

* In the case eff a curved surface, e.g. a sphere, only very mali 
squares can l>c drawn upon it 


Fig. 19. 
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31. Volume expansion. 

Definition. — The coefficient of volume expansion (or 
cubical expansion) is the ratio 

increase of volume for 1° (7. rise in temperature 
volume at 0° G. 

Thus, if Vo, Yt are the volumes at 0° C. and f C., and 
c the coefficient of cubical expansion, then 

Next consider any portion of the volume in the shape of 
a cube, whose side measures L^, at 0‘^C. and at fG. 
Then, arguing as in Art. 30, it will be found that 

coeff. of volume expansion for this cube 

= + + = 

since and F are negligil)le. 

This coefficient determines the rate of expansion of any 
cube of any size taken anywhere within the volume of the 
body. Hence the mb? of expansion for the whole volume 
must be the same. Thus 

coeff. of volume expansion = 3 x coeff. of linear expansion. 

Thus, to tfike an example, the increase in volume of a copper 
body per rise of temperature of TC. ia ^3 X or 

volume at O'^C., i.e. the coefficient of volume expansion of copper 
is_L 

2(K)0()* 

This theorem also adinits of an easy geometrical proof. 
I/et the unit cube A B E C F D Q- (Fig. 20) of any material 
expand to the cube AB'C' D'E' for a rise of temperature 1°, 
the corner at A remaining fixed. B B' = C G' = D D' = Z, 
the coefiicient of linear expansion. The increase of volume 
is made up of three square slabs which stand on the three 
faces BEH, D F Gt, C E F of the cube and of height BB', 
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I) D', C C' respectively, three square prisms EH, P K, 
GL, and the corner cube H K L. Since the increase of 
edge of the cube A B C D is 
very small the volumes of 
the prisms and corner cube 
are negligible in compari- 
son witii the volumes of the 
three slabs. The volumes 
of each slab is 1 x 1 X 
i.e. I, and thus tlie coefficient 
of volume expansion is prac- 
tically 8/. 

We shall see later that the 
volume expansion, and con- 
sequently the linear expan- 
sion, of a solid substance 
may be obtained indiix^ctly 
by observing the expansion 
of a liquid in a vessel composed of that substance. 

32. Lengths and volumes at different temperatures. 

Let Lfl, L/, ht' he the lengths of a rod at 0°C., fO., and 
C., t l)eing greater than t, and let I be the coefficient of 
linear expansion of the substance composing the rod. 

Then Le = L,(l-f-a) 

L/ = L„(l + ZO 

F = 1 +ZO(l-i«) = l + K«'-Oapprox. 


IV = L, (I + «(<'-<)) (1) 

a very useful relation when the length is given at some 
temperature other than 0° C. 

The student should prove in like manntcr that 

Vt^ = W(l + c(f-0) (2) 


Fonnulae (1) and (2) are only approximate and should 
not be used when the coefficients of expansion and the 
difference of temperature are large. Scarcely any error is 
obtained when they are applied to solids. In the case of 
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liquids their application is sufficiently accurate for most 
purposes, but in the case of gases the expansion is far too 
great to admit of these approximations. 


Examples. In problems on expansion it is better to work from 
first principles than to calculate mechanically from the formula. 

(1) Having given the length of a solid at one temperature and its co- 
efficient of expansioiit to fiml the length at another temperature. 

The length of a copper rod at 10“ C. is 200 ’34 in. Find its length 
at 100“ C., the mean coefficient of expansion being ‘0000170. 

Difference of temperatures is 100 - 10 = 90 . A length I at 
10° C. increases by 90 x 0000170 or -00153 when heated to 100° C. 

Since I increases by ‘00153, 

‘200 '34 in. increase by ‘306. 
i.e. the length at 100° C. is 200 65 in. 


Note. — In working this example it is assumed that the rod expands 
000017 of its length at 10° C. for each degree of increase of tempera- 
ture. Tliis is not strictly true. The rod expands ‘(KXKin of its 
length at 0“ C. ; but, as its length at 10° is very nearly the same as 
at 0“, no appreciable error is made. 

(2) To f nd the coefficient of expansion, having given the length, 
volume, or area at two different temperatures. 

The volume of a piece of glass at 1(K)°C. is 100‘258 c.c., and its 
volume at 0° is exactly 100 c.c. Find the mean coetlioient of cubical 
expansion. 

100-258 C.C. - 100 C.C. = *258 c.c. 


The increase in volume for 100° C. is ‘258 c.c. Hence for 1° it is 
■258/100 or ‘00‘258. 

Hence the coefficient of cubical expansion is 


•(K)2;58 c.c 
100 c.c. 


or 0000258. 


The coefficient of linear expansion is | of this, or 0000086, and 
that of surface expansion is double this, t.e. 


2 X -0000086 or •0000172. 


(3) The coefficient of linear expansion of glass is 0*0000083. Find 
the vulume at 15° C. of a glass flask of exactly 1 litre capacity 
at0°C. 

In dealing with hollow vessels note that if the space inside was 
exactly filled up with the same medium as the vessel is composed of, 
and the vessel and contents were heated, the matter put in would 
exactly fill the vessel at all temperatures. But the volume of the 
matter put in is equal to the capacity of the vessel, hen(» the 
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irioretise of volume of a hollow vessel depends upon the volume 
expansion of the matter composing the vessel. 

The coefficient of volume expansion of glass is 0 00<X)2o. The 
increase in capacity of the flask per degree is 0‘0(K)02o X 1000, and 
t lierefore the increase for 15“ C. 

= 0 000025 X 1000 X 15 c.o. 

- 0 -37 o.c. 

Hence capacity at 15" C. ~ 1000‘37 c.c. 


33. Mean coefficient of expansion. The fivaction 
^*1 — has been defined above as the coefficient of ex- 

pausiou between 0*^ and If the expansion is regular 
the coefficient of expansion lietween 0“ and f is the same 
as the coefficient at all temperatures between O' and 


If, how'ever, the expansion is not regular ^ 


-I 


^ must bo 


called the mean coefficient of expansion between 0^ and 
and if we wish to determine the true coefficient of ex- 
pansion at we must proceed somewhat differently. 

Ijet L( = the length at f and L(' the length at a 
temperature a little above Then the mean coefficient 

of expansion lietween and is evidently 


now t be considered constant and V be made to approxi- 
mate nearer and nearer to /, then {t* — t) and consequently 
(Lt' — Tif) l)ecome smaller and smaller and the ratio 


tends (o a cerbiin limiting value* which is the 

true coefficient of expansion at T 0. 

Perhaps this argument may be made e.isier by consider- 
ing an analagous problem in dynamics. Suppomj that a 
moving body passes over ten feet in five seconds. The 
mean or average velocity is two feet per second. If the 
velocity is uniform, then we may say that, in ea<;h second, 
the lx)dy passes over two feet. If, however, the velocity 
is variable, all we can say is that, on the average, two 
feet is passed over in each second, though, if we consider 


* For a further treatment of the subjeot of limiting values a 
text-book of .Algebra may be consulted. 
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any one second, the body may have passed over more 
or less than two feet. We may then ask, What is the 
true velocity, at any instant, of a body moving with 
variable velocity ? 

Suppose S^ to denote the space passed over in t seconds 
after starting, and S^' the space described in t' seconds 
from the start being a little greater than t). Then the 
space {St' — S^) is described in (t' — t) seconds, and there- 

g I g 

fore the mean velocity for this interval of time = 

Now, it is evident that, the smaller the interval (if — t) is, 
the more nearly will the ratio ~ — give the true velocity 

at a definite instant of time- If, then, t be considered 
constant, and t* be taken more and more nearly equal to 

g , g 

/, the ratio tends to a definite limiting value as 

it' - 1) ^ 

(t' — t) becomes more nearly equal to zero, by the approach 
of t' to t ; and this limiting value is the true velocity of the 
body at an instant t seconds after starting. 

34. Graphical representation of expansion problems. 
Let OT (Fig. 21) be the axis of temperature and 0 L tl e 



axis of length. Let OA represent the length of a rod 
at 0° C., and 0 B the length at 100° C. Then the point C 
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repi*esents the rod at 100® C. and the mean coefficient of 


expansion from 0° C. to 100® C. = 


OB - Oil 
100. 0 A 


CD 

100.0 A. 


If the expansion is uniform, i.e. the rod increases by the 
same amount for every e(|ual rise of temperature, it is 
obvious that the graph showing the relation between lengtli 
and temperature is the straight line A 0. The equation of 
this line is L* = (1 + ^ 0 where I = tan /CAD; the 

value of I is what we have called the coefficient of linear 


expansion. 



Fig. 22 


If the expansion is not uniform the graph showing the 
relation between length and temperature will be curved. 
Fig. 22 shows the graph in the case when the coefficient of 
expansion increases with tenqierature. The line AC in 
this case is concave upwards. The mean coefficient of 

expansion from 0® C. to 100® C. is as l>efore. 

To get the coefficient of expansion at an int-ermediate 
temperature t take another temperature if, a little al>ove t, 
and draw ordinates at t' to cut the graph in K and F. 
Draw EG perpendicular to F^'. Then for the small 
elevation of temperature if — t the expansion is FG, and 
therefore the coefficient of expansion at t' is equal to the 
1 F G 

limiting value of when E and F are indefinitely 
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close together. Now the line E P is practically the tangent 
to the graph at E when E and P are close together, and 
absolutely so when E and P are indefinitely close together. 
Hence the coeff . of expansion at f 0. 

= X { Tangent of the angle the tangent at E makes 

with OT}. 



The slope of the curve thus readily affords an indication 
of the variation of the coefficient of expansion In the 
graph shown in Pig. 23 the coefficient of expansion in- 
creases as we go from A to C. In Pig. 24 it decreases, and 
in Pig. 25 the coefficient of expansion is negative and 
numerically decreasing as we go from A to C, and then 
positive and increasing as we go from C to K.* 

36. Laboratory methods of measuring the coefficient of 
linear expansion. The expansion of most solid bodies 
with rise of temperatime is so small that delicate means of 
measurement have to be adopted. In the method usually 
adopted either a microscope or a micrometer screw is used. 

Microscopes suitable for the purpose must be of low 
power, i.e. the field of view should be about 2 mm. diameter. 
One form is provided with an eyepiece scale, the value of 
whose divisions in millimetres is easily obtained by focus- 
sing the microscope upon a scale graduated to tenths of a 
millimetre and noting coincidences at both ends of the field. 
Por instance, suppose 32 eyepiece-scale divisions exactly 

*In ordinary cases the mean coefficient of expansion between 
two fairly near temperatures /j and is almost exactly equal to the 
coefficient at the temperature § (ii -f ij), halfway between. 

H. T. P. 
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cover 8 tenllis of a millimetre, then 1 eyepiece- scale 
division represents 0 0025 cm. 

Another form of microscope is provided only witli cross 
wires, but it slides along a slotted base and its position is 
measured by a very accurate vernier 

Micrometer screws suitable for the purpose may be of 
either the screw-gauge or spherometer type. * The essential 
principle in each is an accurately made screw of fine pitch, 
generally J mm., working in a fixed collar. Graduations 
on the collar indicate the numl)er of complete turns the 
screw has progressed, while graduations on a disc fixed 
perpendicularly to tlie end of the screw indicate the 
fraction of a complete tm-n. 

Exp. 13. To determine the coefficient of linear expan- 
sion of brass. Take a brass tube not less than half a 
metre in length and about 5 mm. in internal diameter. 



Fig 2#* 


Near one end file a deep notch, N (Fig. 26), and near 
the other scratch a sharp clear line, A. Measure with a 
millimetre scale the distance between A and N, Mount 
the tube horizontally, the notch fitting over a knife-edge 
on which it can be clamped, and the other end resting on 
the stage of a microscope so that A can be viewed. Work 
on a large stone bench if possible. Attach rubber tul)e8 
to the ends of the brass tube. Pass a current of cold 
water through the tulles from the supply system. ' 

Take the reading of A on the eyepiece scale. Take the 
temperature of the water as it leaves the tube. Now pass a 
current of steam through. Observe — in the microscope — 
the gradual motion of A outwards from N. When A has 

* Full details of these instruments should be obtained either from 
the instruments themselves or from a book of Practical Physics. 
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The coefficients given on the last page refer to the 
Centigrade scale, but they may be converted to refer to 
any other scale. The student, for example, should prove 
that the coefficient of expansion per degree Fahrenheit 
is equal to five-ninths of the coefficient of expansion per 
degree Centigrade. 

38. Anomalies in the expansion of solids. 

(1) If an iron wire is gradually heated it expands until 
the temperature is approximately that of a dull red heat. 
It then contracts, and after that expands again. This 
anomalous contraction occurs at the temperature at which 
iron loses its magnetic properties. Evidently at this tem- 
perature the molecules of the iron suffer some rearrange- 
ment. 

(2) Dr. Joule discovered that, although the coefficient 
of expansion of vulcanised caoutchouc is ver^ large, if a 
rod of this substance be stretched the expansion on heat- 
ing diminishes, and that if the weights used are sufficiently 
great it actually contracts when heated. It is some- 
times said that the coefficient of expansion of stretched 
caoutchouc is negative, but what really happens is that 
the elasticity of caoutchouc increases on heating, so that a 
larger force is required to cause the same elongation as at 
lower temperatures. 

(3) Iodide of silver when heated contracts until the 
temperature is 116" 0. At this temperature the substance 
changes into an aliotropic modification. 

(4) Rose’s fusible metal, which consists of two parts 
bismuth, one part lead, and one part tin, expands from 
0°C. to 59° 0., and then contracts up to 96° C., when it 
melk. 

(5) Crystals expand differently in different directions; 
they are not isotropic (see Art. 26). 

39. Volume expansion of solids. It will be understood 
after a study of the Expansion of Liquids that the 
measurement of the volume expansion of solids involves 
exactly the same methods as those adopted for the 
measurement of the volume expansion of liquids, and that 
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the experimental study of the volume expansion of solids 
and liquids is practically one subject. 

In the early stages of research into the expansion of 
solids and liquids all experimental work on the expansion 
of liquids was complicated by the expansion of the vessel 
containing it, and this presented a serious obstacle to the 
advance of research. The results obtained always involved 
the coefficients of expansion of a liquid and a solid, and 
neither could be accurately determined unless the other 
was known. If the absolute expansion of any one licjuid 
or solid were known this could be taken as a starting 
point for the determination of other coefficients. 

Attempts were made to obtain a starting point of this 
kind by making exact determinations of linear expansion, 
but at that time it was found impossible to make deter- 
minations of sufficient accuracy. This difficulty was, how- 
ever, done away with by the discovery of Dulong and 
Petit’s method of determining the absolute expansion of a 
liquid, and Regnault’s determination of the coefficient of 
absolute volume expansion of mercury gave the starting 
point of all accurate determinations of coefficients of 
volume expansion for solids and liquids. 

40. Practical precautions necessary on account of ex- 
pansion of metals by heat. The expansion of metals is 
very frequently a source of trouble. Thus, in constructing 
a railway, small spaces have to be left b(d/ween the metals 
to allow for expansion due to the extreme yearly range of 
temperature. Similarly, allowance must be made for ex- 
pansion in constructing an iron bridge, and it is often 
difficult to secure rigidity and yet allow each part freedom 
of expansion. The tubular girders of the Britannia Bridge 
are mounted on rollers at eiich end, so that they may 
be free to expand, without straining the structure. For 
the same reason, the joints of water pipes and gas mains 
are made like those of a telescope. If furnace bars are 
firmly fixed they become bent, owing to the expansion 
which they undergo on heating ; for this reason the ends 
of the bars should be free to move in the direction of their 
length. 
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Metal castings often break in cooling, on account of one 
part cooling more rapidly than another, and thus producing 
great strains in the metal. For example, in casting a 
wheel with a thin rim but massive arms, the rim solidifies 
and cools much more quickly than the arms, and as a 
consequence the contraction of the latter is opposed by 
the rim, and a stress is set up which may fracture the rim 
or one or more of the arms. To avoid this, the arms are 
often Ixint : they then can yield to the strain without 
breaking. 

Exp. 16. Go to a railway station and note how expansion is 
allowed for in the rods working the “points.” Make a careful 
diagram of the device adopted. 

Exp. 17. Pour boiling water into a thick glass bottle. The bottle 
breaks. Now pour Iwiling water into a thin glass beaker. The 
beaker does not break. Explain why there is this difference. 

The imperial standard yard is the distance, at 62° F., 
between two fine lines engraved on gold plugs, which are 
inserted into a bronze bar kept in the Standards Office, 
and in all measurements made by metal rods or chains the 
temperature must be noted, and a correction applied. 

In the construction of clocks, chronometers, and watches 
of the best kind, great precaution has to be taken to 
obviate the effects of expansion on the time-keeping part 
of the mechanism. The rate of a clock is generally con- 
trolled by a pendulum, whose time of vibration varies as 
the square root of its length, or, more accurately, as the 
square root of the distance between two points called 
respectively “ the centre of suspension ” and “ the centre of 
oscillation.'’* If the temperature varies tliis distance 
varies, and the clock goes “ slow ” as the temperature rises 
and “ fast ” as the temperature falls. Compensated pen- 
dulums are constructed to prevent this change of rate with 
change of temperature. 

Example, The rod of a certain pendulum is made of light wood 
45 in. lon^, and supports on a flange at its lower extremity a heavy 
metal cylinder, which fits loosely around the rod. What must m 


gee Wagstaffs Propertiia of UfaUer, § 93, 
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the length of the metal cylinder in order that the rate of the pendu- 
lum may not vary with the temperature ? The coefficient of linear 
expansion of the wood is 0000040 and of the metal 


*000060. 

Fig. 31 represents the pendulum. The centre of 
suspension 0 will be near the top of the wooden 
rod, and the centre of oscillation P will be practically 
at the centre of gravity of the zinc cylinder. The 
length of the metal cylinder must bo chosen to make 
the distance 0 P invariable with temperature, i e. if 
A is the bottom of the rod and cylinder, the length 
OA of rod must expand just as much as the length 
A P of cylinder. 

Therefoi-e 0 A X coefficient of linear expansion of 
rod = AP X coefficient of linear expansion of metal. 

.*. 45 X *000004 = AP X 000060, 
or A P = 3 in. 

Therefore the length of the metal cylinder must be 
6 in. 

41. Harrison’s gridiron pendulum (Fig. 32) 
is a well-known form of compen- 



Fig. 31. 



Fig. 32. 


sated pendulum. It consists of 
four oblong frames arranged as shown in 
figure. The vertical rods are alternately of 
steel ( S) and brass ( B ) . The central steel rod 
passes through holes in the lower horizontal 
pieces of the frames, and carries the bob at 
its lower end. The arrangement is such 
that the steel rods expand downwards, while 
the brass rods expand upwards ; and if the 
downward and upward expansions be equal, 
the centre of the bob is neither raised nor 
lowered. 

If it were possible to have the total length 
of each set of rods the same, only one metal 
would be required, but the inner rods must 
necessarily bo shorter than the outer ones, 


and therefore, if compensation is to be exact, they must 
be made of the more expansive metal. The condition of 
compensation therefore requires that the total expansion 
of one set of rods should be equal to the total expansion 
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This form of thermometer is employed in the common 
forms of recording thermometers or thermographs. The 
lever attached to the free end of the spiral carries a pencil 
which marks on a revolving drum. 

Other metallic thermometers in which the change of 
electrical resistance with temperature is used to measure 
temperature will be described in Chapter XVIII. 


47. Change of density with temperature. We have 
seen that, in general, when a body is heated it expands — 
that is, its volume increases — and, since the mass of the 
body remains constant,, it must necessarily follow that its 
density decreases. For, if V^ denote the volume at 0*^ C. 
and Yt the volume at also if denote the density at 
0°C. and di the density at ^°C., then — 

Vodo = V,dt. 

That is- 

dt Vq 

But we know that V< = Vq (1 + c t), where c denotes the 
coefficient of volume expansion. 

Therefore — 


cl, Vo Vo ^ ’ 


This is true, as it stands, for solids, liquids, and gases ; 
but for solids and some liquids we may have, when t is 
small enough, an approximate fonnula, giving — 




Also corresponding to formula (2) of Art. 32 we have — 


h. = 1^')= Ltli' 

di Yt Vo(l-fc^ l+c< 




The coefficient of expansion of a substance may thus be 
deduced from values of its density at different tempera- 
tures. This proves of great use in the case of liquids, for 
the density of a liquid is often more easily ascertainable 
than its volume. 
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EXEHCISBS rv. 

Where the coefEoienta of expansion are not quoted use the table 
on p. 54. 

1. Two rulers, the one of iron, and the other of brass, are placed 
one upon the other and riveted together so as to form a single ruler 
of two layers. At a temperature of 60® the compound ruler is 
straight. Describe and explain what occurs when it is successively 
exposed to a temperature of 30® and to a temperature of 100^ 

2. The coefficient of linear expansion of brass is 0 (KKKIIO. What 
will bo the volume at lOO® C. of a niass of brass the volume of which 
is exactly 1 cubic decimetre at 0®C. ? 

3. The coefficient of linear expansion of brass is 0*000018. If a 
brass yartl measure be correct at the temperature of melting ice, 
what will bo its error at the temperature of boiling water ? 

4. A light lath a metro long can turn about a hinge at one end. 
A piece of wire two metres long i.s attached to the lath at a distance 
of one centimetre from the hinge. Tlie wire is vertical and its upper 
end is fixed in such a way that the lath is horizontal. On heating 
the wire 50“ 0. the end of the lath sinks through 16 centimetres. 
Find the coefficient of linear expansion of the material of the wire. 

5. A brass and a steel rotl arc each one metre long at 10“ C. ; find 
the difference in their lengtiis at (>0''C. 

6. Suppose a substance has a coefficient of linear expansion 003, 
would it lie right to .say tliat its coefficient of cubical expansion is 
exactly 000 ? If not, why ? 

7. The volume of a piece of glass at 100“ C. is 100‘2.'‘)S c.c,, and 
its volume at 0“C. is 100 o.o. Find tlie mean coefficient of cubie.id 
expansion of glass between 0“C. and 100® C., and thence deduce 
approximately the mean coefficient of linear expansion l>etween 
the same limits of temperature. 

8. A glass ball at temperature 40® C. is lowered inUia vessel full of 
water at 40“ C. , and one pint of water overflows. Find what quantity 
will overflow if the same glass ball at temperature 100“ C. is pi iced 
in a vessel full of water at 100“ C. The coefficient of cubical expan- 
sion of gloss is *000025. 

9. Find the mass of a cubic centimetre of silver at 250® C., the 
density of silver at 0®C. being 10*31 gm. per o.c. 

10. Compare the densities of platinum and silver at 100® C., given 
that the densities of platinum and silver at 0®C. are 21*500 and 
10*570 gm. perc.c. respectively. 
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EXPANSION OF LIQUIDS. 

48. Since a body of liquid or gas has no inherent shape 
but always takes up the shape of the vessel containing it, 
we cannot speak of a liquid or gas possessing a linear or a 
Biiperiicial expansion. We can deal only with cubical or 
volume expansion. And it is this expansion which is 
called the expansion of the liquid 
or tlie gas. 

Having established in Exp. 2 
that liquids expand on heating, 
it is of interest to find out 
whether, as in the case of solids, 
different liquids differ in expan- 
sibility. This point may be 
settled by a simple experiment. 

Exp. 18. Fit up three exactly 
similar and equal flasks as for 
Exp. 2, and fix them in holes in 
a board (Pig. 37). Fill one with 
water, another with glycerine, 
the tliird with alcohol, and, by 
pushing the corks in more or Fig. 37 . 

less, adjust them so that the 
liquids rise to the same height in each tube. Then put 
them all into a vessel of warm water. The column of 
liquid in each tube will be observed to rise,* but the 

* If suddenly immersed in hot water the columns may suddenly 
sink at first. This is owing to the flasks expanding before the heat 
reaches the liquids. 

H. T. P. 
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amount of the rise will be different for each liquid. This 
indicates that each liquid is more expansible than glass, 
and also that the liquids differ between themselves in 
expansibility. The order of expansibility for the liquids 
chosen will be found to be water, glycerine, alcohol, the last 
being the most expansible. 

49. Eeal and apparent expansion. When the expansion 
of a liquid is observed in a graduated containing vessel, 
the expansion which is apparent, or which may be observed, 
is the combined result of the real expansion of the liquid 
and the expansion of the containing vessel. If the liquid 
is more expansible than the material of the vessel it appears 
to expand, but if the liquid is less expansible than the 
vessel (as in the case of water between 4° C. and 6° C. in 
aghiss vessel) it appears to contract, and if it were possi- 
ble to find a liquid which expanded equally with the 
material of the vessel there would be no apparent ex- 
pansion. The expansion of a liquid indicated or made 
apparent in a vessel initially graduated in equal divisions 
is known as the apparent expansion of the liquid in that 
vessel. 


fiO. The mercnry-in-glass thermometer. The graduation 
of an ordinary mercury thermometer is based upon the 
apparent expansion of mercury in glass. The degree 
divisions of the stem bore are all equal in volume when 
the stem is all at one temperature, but if the thermometer 
is heated from 0® C. to 100® C. the expansions for each 
degree rise of temperature, although apparently equal, 
really increase as the temperature rises. 

As the thermometer is heated, say, from 0° C. to 1® C., 
the mercury must first expand so as to fill up the increase 
in the volume of the bulb and stem up to the 0® C. mark 
due to this rise of temperature, and then fill the degree 
division between the 0® C. and P C. marks at a tempera- 
ture of 1® 0. When the thermometer is heated, say, from 
20® C. to 21® C„ the mercury must first expand so as to 
fill the increase in the volume of the bulb and stem, not 
merely up to the 0® C. mark, but up to the 20° 0. mark 
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for 1 degree rise of temperature, and then fill the degree 
division between the 20* 0. and 21° 0. marks, not at a 
temperature of 1° C., but at a temperature of 21° C. The 
real expansion corresponding to the degree rise of tempera- 
ture from 20° 0. to 21° C. is therefore greater than that 
corresponding to the degree rise of temperature from 0° C. 
to 1° 0. 

If, however, the volume of the bulb is large compared 
with that of the graduated stem, it may be assumed that 
the mercury has to expand the same amount per degree 
rise of temperature, that is that our scale of temperature 
depends upon the apparent expansion of mercury in a glass 
vessel, and other liquids are said to expand uniformly or 
not according as their apparent expansions in glass vessels 
are exactly proportional to those of mercury. 

Eocent work has shown that it is preferable to take our 
stiindards of temperature from a hydrogen thermometer 
(Art. 73), but since the expansion of mercury in a glass 
vessel is very nearly proportional at all ordinary tempera- 
tures to that of the expansion of hydrogen in a vessel of 
the same glass no harm results in aidhering to the scale of 
temperature of a mercury thermometer in ordinary work. 

Exp. 19. Find how the apparent expansion of water depends 
upon the temperature. Take the flask aud tube containing water 
in Exp. 2 and immerse it in a mixture of ice and water. As the 
water in the flask cools the indicating column will be observed to 
fall for some time, then to become stationary for a few seconds, and 
finally to rise, showing that at a certain temperature water is at its 
maximum density, i.e. that if water at this temperature be either 
heated or cooled it will expand. 

Reverse the experiment by withdrawing the now ice-cold flask 
from the ice and holding it in the air or in warm water. Observe 
that the temperature of maximum density is much nearer the 
freezing point than the boiling point. 

Of course the above irregularity of expansion may be due to the, 
glass and not to the water. If, however, the experiment is re- 
peated with other liquids no such irregularity occurs ; hence it 
must be due to the water. 

51. Coefficient of real and apparent expansion. It was 
shown above that when a liquid conbiiued in a vessel was 
heated the observed or apparent expansion was less than 
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the real expansion. To find the relation between the co- 
efficients of real and apparent expansion of a liquid and the 
expansion of the solid composing the vessel, let us consider 
the case of a liquid contained in a glass vessel which 
was graduated at 0° C., i.e, the volumes indicated by the 
graduations are correct at 0° C. Let V„ = volume of liquid 
at 0° C., Vfl = the indicated volume at f 0., and V< = the 
true volume at this tempemture. Let Co, Cr be the 
apparent and real coefficients of expansion and g the 
coefficient of cubical expansion of the vessel. 

The real expansion of the liquid = the product of the 
volume at 0° C., the coefficient of real expansion, and the 
temperature, i.e. 

V, ~ Vo = Voc^ (1) 

Similarly the apparent expansion of the liquid is given 
by 

Va - Vo = VoC«i (2) 

The difference between them is the volume which a 
volume Va of glass at 0^ C. has expanded in being heated 
to f C. This is equal to V^^t. 

.-. Y^Crt - VoC«< = YoQt 

«Vo(l + CaO^^ (from 2) 

Dividing throughout by V,, and t we get 
Cr - Ca = (1 + Cat)g. 

Tl|erefore neglecting Cat, which is usually very small com- 
pared with unity, we get 

Cr~Ca=^g 
».e. Cr = c« -f g. 

That is— the mean coefficient of real expansion of a 
liquid is approximately equal to the sum of the mean 
coefficient of apparent expansion of the liquid in any 
vessel and the mean coefficient of volume expansion of 
that vessel. 

The above applies directly to volume expansion, but it is also 
applicable to linear expansion. For instance, if a brass rod is 
measured by a steel scale (correct at CC.) at two temperatures the 
coefficient of real linear expansion of the brass can be found by 
adding to the coefficient of apparent linear expansion of the brass 
the coefficient of linear expansion of the steel. 
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It is an easy matter to find the coefiicient of apparent 
expansion, but not so easy to find that of real expansion. 

Now the coefficient of real expansion of mercury has 
been accurately measured in some classical experiments by 
Bulong and Petit, Regnault, and Callendar (Arts. 67, 68). 
Assuming the result (*0001815) which they have found 
for the range of temperature 0°C. to 100° C. and finding 
for ourselves the coefficient of apparent expansion of mer- 
cury in a glass vessel, we can deduce the coefficient of 
expansion of the vessel. Then if we measure the co- 
efficient of apparent expansion of any other liquid in the 
same vessel, we can, by using the formula, calculate the 
coefficient of real expansion of the liquid. 

52. Methods of finding the coefficient of apparent 
expansion of liquids. There are three easy methods : — 

(1) The Weight Thermometer method. 

(2) The Volume Dilatometer or Thermometric method. 

(3) The Hydrometric method. 


63. The weight thermometer. In practice the weight 
thermometer method is simple. 

Principle of the method : If a flask full of liquid at 
0° C. is heated to C., some of the liquid over- 
flows. Suppose m gm. overflow and M gm. 
remain. Then at 0° C. there were (M -f w) gm. 
in the flask, say M gm. below the mark B 
(Fig. 38) and m gm. above it. 

To find the coefficient of apparent expansion 
we assume that the capacity of the flask does 
not change with temperature. Then if V^ is 
the volume of M gm. of liquid at 0° C. and 
Yt the apparent volume of M gm. of liquid at C 
fC.t we have = the volume of the flask Fig. 38. 
up to B and Yt = the volume up to A. 



Hence 

or 


V| M + f» 
Vo“ M ■ 



.(») 
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Now by Art. 51 


t.e, Ca = 


V.-Vq 

Vo< 
m 

’ut 

Moas of liquid expdled 


Mass left in at the higher temperature x change in 
temperature 


(4) 

...(4a) 


The formula is also very nearly true when the lower 
temperature is not 0° C., provided that t represents the 
actual change of temperature. If we wish to be more 
accurate let us denote the lower and upper temperatures 
by and C. 


Then 

whence 


1 + Catx 


M + m 
M ’ 


] 


- ^l) ~ * 

The term mt^ is usually very small in comparison with 
— t^), so that approximately 

(5) 




Practice of the method : This is best illustrated by an 
experiment. 


Exp. 20. Hake a weight thermometer and use it to find 
the coefficient of apparent expansion of mercury. Make 
a glass vessel * 3 in. long of the form shown in 
Fig. 39 from a piece of clean and dry thin ^-inch 
A glass tubing. The stem should have a fine bore, 
H but should be strong enough to bear the weight 
B of the thermometer when full of mercury. Weigh 
11 it. Placing all the apparatus on a mercury tray, 

B support the tube in a wire-gauze basket, with the 

^ neck dipping under some hot mercury contained 
* in a small dish (as illustrated). Fill the tube 
with clean and dry mercury by alternately heating and 
cooling. It is quite likely that the first two or three tubes 
will smash during this operation, but finally one will pass 
safely through the ordeal. 

• Can be bought cheaply ready made from instrument makers. 
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Place the tube, with its opening still under mercury, in 
the balance case with a CentigrSde thermometer beside it. 
Leave for fifteen minutes. Then read the temperature i, 
and, hanging the tube upon the hook of the balance, 
quickly weigh it, taking care that no mercury oozes out 
through the opening in the meanwhile. (The balance case 
may conveniently be slightly cooled by placing a beaker of 
iced cold water in it during this operation.) 

Now introduce the tube into a beaker of water so that 
only the narrow part projects outside ; heat the water to 
boiling (100° C.), and keep it so for five or ten minutes. 
Note that mercury oozes out of the point. Do not waste 
this mercury : collect it and put it aside. Remove the 
tube carefully, wipe it, and cool it, taking care that no hot 
water enters the narrow neck as the mercury contracts on 
cooling. Eeweigh. From the three weighings find 

M, the mass of mercury left in the tube after heating to 
100° C., 

m, the mass of mercury expelled during the heating from 
^°C. t<ol00°C.; then 

m 

* AiTiob - 0* 

The mercury may be emptied out now and the experi- 
ment repeated with different liquids. 

Example. A weight thermometer when empty weighed 5*913 
gm., when full of mercury at 12® G. 61*755 gm., when full at 
100®C. 61*022 gm. Find the coefficient of apparent expan.sion of 
mercury in glass and hence the coefficient of linear expansion of the 
glass. 

m = 61*755 - 61*022 = *733 gm., 

M = 6l'0*22 5*913 = 55*109 gm., 

t =12®a ; 

• - tu *733 .fkAAi Ki 

■ • MlTOO’^ “ 65169 X 88 

Regnault found that the coefficient of real expansion of mercury 
is *000181 ; hence the coefficient of volume expansion of the speci- 
men of glass used in the given weight thermometer is given by 

^ « c,. - Ca « -000181 - *000151 = *000030. 

Hence 1, the coefficient of linear expansion of the glass = *000010i 
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Instead of weighing the tube before heating, the mer- 
cury that oozes out may b^ collected in a small beaker and 
weighed separately. By weighing such a small mass a 
more accurate value of m may be obtained than if w is 
obtained as a difference of two large masses. If this is 
done it is easy to start the exMriment from 0° C. 

Since by equation 5, Art. 5o, 

- - at 

‘-MK-i.)’ 


we have 




m 


hence if Ca be considered known the experiment described 
above might have been employed to determine the higher 
temperature if the lower one is known. 

The weight thermometer can thus be used as a true 
thermometer ; as such it has the great disadvantage that 
a weighing is necessary for the deteraiination of each 



Fig. 40. 



individual temperature. It may, however, be conveniently 
used as a maximum thermometer, for the value of given 
by the equations above always represents the maximum 
temperature experienced. 

Other forms of the weight thermometer are the specific 
gravity bottle (Fig. 40) and the pyknometer (Fig. 41). 
These can be easily made from glass tubing, and have the 
merit of being easily cleaned and filled. 
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54. The volume dilatometer or thermometric method. 

Principle of the method : A bulb is blown on a piece of 
very uniform thermometer tubing. The volume of the 
bulb and the cross section of the tube are found and the 
tube can then be graduated and the volume up to any 
graduation mark ascertained. The bulb and part of the 
stem are filled with a liquid and the volume of the liquid 
at 0^ C. found. The dilatometer is then placed in a bath 
and its temperature raised. The temperatures at which 
the liquid column in the stem reaches the various marks is 
fo\md. The increases of volume can thus be calculated 
and finally 

^ _ Increase of volume 

“ Volume at 0“C. X change of temperature 

This method is very suitable for liquids which evaporate 
readily. 

Practice of the method: This is best illustrated by an 
experiment. 

Exp. 21. Make a volume dilatometer and use it to find 
the coefficient of expansion for water at various tempera- 
tures. Blow a bulb 1 J in. in diameter on a piece 
of capillary tubing of in. bore and 20 in. 
long (Fig. 42) . Make file marks along the stem 
at intervals of 2 inches. Measure the distances 
between the first and succeeding marks with a 
finely divided scale or vernier microscope. 

Weigh the dilatometer. Slightly warm the 
bulb, immerse the end of the stem in mercury 
and pick up a thread of mercury 6 or 7 in. 
long. Measure the length with a vernier 
microscope or a steel scale. Again weigh the 
dilatometer. The increase in weight divided by 
the density of mercury at the temperature of the 
observation gives the volume of mercury. This Fig. 42. 
divided by the length of the column gives the 
mean cross section at the temperature of the observation 
of the portion of the tube occupied by the liquid column. 

Expel the mercury by warming the tube and then fill 
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the tube with well-boiled distilled water. Arrange so that 
at ordinary temperatures the water column stands just 
below the fir^ file mark nearest the bulb : clean and dry 
the outside and weigli. The increase in weight in grammes 
is equal the volume of the water in c.c. at the freezing 
point.* Measure the distances between the first and 
succeeding marks with a finely divided scale or vernier 
microscope. Immerse the bulb in a large beaker of water 
provided with a good thermometer and a stirrer. Adjust 
the source of heat (a small flame some distance below) so 
that the liquid surface remains at the first mark on the 
stem for several minutes, the water meanwhile being well 
stirred. Kead the temperature. Similarly for second and 
succeeding marks up to temperatures of 95“ C. 

Tabulate and plot lengths against temperatures. The 
graph will not be straight ; draw a fair curve through the 
points. Note it is concave upwards, showing that the 
coefficient of expansion is greater for higher temperatures. 
Find the mean length expanded per degree from 25“ to 
50“, 30° to 35°, etc., and then the coefficient of expansion 
between these temperatures. 

Example. A volume dilatometer whose stem is uniformly 

g raduate contains water. At 0“C. the level was at the 6th 
ivision. When heated to 10" C. it stood at the 7th division, and 
when heated to 20“ C. at the 12th division. A thread of mercury 
occupying 24 stem divisions weighs *072 gm., and the quantity 
occupying the bulb and stem up to the zero division weighs 12-24 
gra. Find the mean coefficient of expansion of water between 
2(f C. and 30“ C. 

The ratio of the volume of the space between two stem divisions 
to the volume of liquid at0“O. is evidently *003 to 12'24, i.e. 1 to 
40^. The volume at 0“C. is therefore 4086, the volume at 10° C, 
4087, and the volume at 20“ C. 4092, »,e. the expansion between 
10^ C. and 20“ C. is 6 divisions. The mean coefficient of apparent 
expansion between l(f C. and 20“ C. is therefore equal to 


4092 - 4087 _ 1 
4086 X 10 817 2 


fl00122. 


The coefficient of volume expansion of glass being taken as *000026 
the coefficient of real expansion of water between 10“ C. and 20“ C. 
i s 000122 -h *000026 *^148. 

♦ Not exactly. It is the volume at 4“0., but soaroely any in- 
accuracy is introduced by taking it as at (f C. 
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54a. Constant- volume dilatometers hare been devised in 
which the volume of the bulb is kept constant by intro- 
ducing into it just so much mercury that the expansion of 
the mercury is equal to the expansion of the glass bulb. 
The ratios of the coefficients of real expansion of mercury 

and that of glass being or as it is evident 

000026 1 

that if one-eeventh of the bulb is filled with mercury the 
condition of constant volume is practically obtained. 

55. Hydrometrio method. If a body of density D 
weighs m, gm. in air and gm. in a liquid of density d 
we know that 


d = D, 

!»! — wig 

m, D 

or i 

wii - wtj a 

If therefore a body of invariable density D is weighed in 
a liquid at various temperatures we can from the variations 
of (m, — mj) find the variations of d. 

Replacing the loss of weight (w, — by w we have 


If = a constant or ^ 
d c(] uj 

where are the losses of weight at temperatures < 
when the liquid has densities d,, d^. But 


d% 


1 4* « — ^i) 


* ’ U>j 




(Art. 47) 


In this expression since the density of the solid body is 
supposed to be constant, c is the coefficient of apparent 
expansion, and therefore we may write 
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Exp. 22. Hake a bulb suitable for the determination 
of the expansion of a liquid by the lydrostatio method 
and use it to determine the apparent coefficient of a liquid. 
Take a piece of wide glass tubing (1 in. diam. say), dmw 
out one end and round it off. Pour into the tube enough 
lead shot to make the bulb when completed sink in the 
liquid. Then draw off the other end of the tube at a point 
al^ut 4 or 5 in. from the closed end and bend the soft glass 
into a hook to serve as an attachment (Pig. 43) . The com- 
pleted bulb should sink in the liquid whose coefficient of 
expansion you are going to measure. If it floats, shorten 
the bulb by drawing off more glass. 

Now suspend the bulb from one arm of a balance by a 
long fibre or thin wire going through a hole in the base of 
the balance case so that the bulb is below the case. (The 
scale pan must be removed and the balance case mounted 
on an empty box lying on its 
side.) Counterpoise the bulb by 
weights placed in the other pan. 
Now support a large beaker 
of the liquid so that the bulb 
is wholly immersed. Leave for 
some minutes, stirring gently all 
the time, then again counterpoise 
and thus get the loss of weight 
at the particular temperature of 
the liquid. Kepeat at two or 
three other temperatures. 

It is best to start with hot 
liquid and take readings as the 
liquid cools. The cooling may be 
checked at the required tempem- 
tures by adding small quantities 
Fig. 43. of hot liquid.' Stir well. Then 

counterpoise so that the bulb is 
just then heavier, and with the balance arm free take 
the temperature when exact balance occurs. From 
the readings the apparent coefficient of expansion of 
the liquid can be obtained over several ranges of tem- 
perature. 




EXPANSION OP LIQUIDS. 


77 


Example. The loss of weight of a glass bulb immersed in water 
at 4°C. was 23 26 gm. ; at 74® 0. it was 22*74 gra. Find the mean 
coefficient of apparent expansion of water between 4® 0. and 74® 0. 

Apparent density of water at 4® C. _ 23*26 
Apparent density of water at 74° C. ^*74* 


If Ca is the mean coefficient of apparent expansion of water 
between 4° C. and 74° C. 


l + 70Ca 


23*26 ^ 

2*2 “74 22 *74* 


Ca = 


-.52 

70 X 22*74 


= -000327. 


Mattbiessen performed a large number of experiments 
by this method, and used it to determine the coefficient of 
expansion of water at different temperatures. To get the 
coefficient of real expansion of the water it is of course 
necessary to know the coefficient of volume expansion of 
the solid used. He used a glass sinker in his experiments, 
and obtained its expansion by first determining its linear 
expansion and thence deducing its volume expansion. 


66, Determination of the real expansion of mercury. 

The methods adopted, for the determination of this con- 
stant, by Dulong and Petit and by Kegnault, were both 
based on the same principle, and differ^ only in experi- 
mental detail. 


67. The method of Dulong and Petit. The principle 
of this method is simple. If we have two vertical tubes, 
communicating by a horizontal branch, and each contain- 
ing a liquid of given density, the junction of the two fluids 
being in the horizontal branch, then, for equilibrium, the 
pressui-es due to the liquid columns on each side of. a 
section, taken anywhere in the horizontal branch, must be 
equal. 

Thus, consider the pressures on the section a 6 in Fig. 44. 
Let h and h' denote the depth of the centre of gravity of 
the section below the surfaces of the hquid in T and T' 
respectively. Then we have, from hydrostatical principles, 
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that the pressure on a 6 due to the column bxT — hdg* 
and that due to the column in = A' d' where d and d* 
are the densities of the liquids in T 
and T respectively, and g the ac- 
celeration due to gravity. But, since 
a 5 is in equilibrium, we must have 

kdg ^ h' d' g. 

That is — 

hd=^Wd\ 

It is evident that this is true what- 
ever shape ah may have, and what- 
ever he the shape and size of T and 

r. 

If, now, the tubes contain mercury, and one column, T, 
be kept at 0° C,, while the other, T', is raised to a tempera- 
ture 0., we have — 



Fig. 44. 


Or- 


^0 d() — df. 

=^" = ‘+'V«. (Art.«.) 

Ao a$ 

- 1 = cv«. 

*0 



Thus, the mean coefficient of real expansion can be 
determined by noting (ht — K t, and the result is 
quite independent of the expansion of tubes containing 
the mercu^. 

The apparatus used by Dulong and Petit is shown in 
Fig. 45. The tube T' was encloa^ in a cylinder, B, and 
surrounded with melt^ ice. T was placed in a thick 
copper cylinder, C, which was filled with oil ; and, for the 
purpose of heating it, a furnace was built roimd it. This 
is shown in section in the figure. The temperature of this 
oil bath was given by two thermometers — a mercury weight 
thermometer, W, and an air thermometer, A. The air 
thermometer will be described in the next chapter; it is. 


See Wagstaff : Properties of Mattery § 210. 




Fig. 45. 


not agree ; and so they decided to base their calculations 
on the indications of the air thermometer.* 

The heights of the columns of mercury were read by 
means of the cathetometer, f which was invented expressly 
for this puipose. The level of the mercury in T was first 

* It is important to notice that if Dulong and Petit had used only 
a mercury thermometer, they would not have detected any irregu- 
larity in the expansion of mercury. 

t This instrument consists essentially of a vertical brass or steel 
scale, to which is attached a horizontally fixed telescope, capable of 
motion up and down the scale. To determine the vertical distance 
between any two points, the telescope is focussed on the higher 
point, and its position on the vertical scale read off. It is then 
loweiW and focussed on the lower point, and the oorresponding 
scale reading again taken. The difference of the two readings thus 
obtained gives the r^uired vertical distance between the points. 
The telescope is furnished, in its field of view, with two fine cross 
wires at right angles to each other, and, in fooussing, its position on 
the scale is so af^usted that the point viewed is made to coincide 
with the intersection of these cross wires. — (See Wagstaff: Proper- 
ike of MaUer^ § 16. ) 
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read, then the level in T', and finally the level of the axis 
of the horizontal tube, H. The difference of the first two 
readings on the cathetometer scale gave ht — and the 
difference of the last two readings gave h^. The tempera- 
ture f C. of the oil bath, and therefore of the mercury in 
the tube T, was given by the air thermometer A. Thus 
all the data for Calculating the mean coefficient of real 
expansion of mercury were determined. 

The chief results obtained by Dulong and Petit were : — 
The mean coefficient of real expansion of mercury 

between 0“ and 10(P = 0 0001818 ; 

„ 0" and W = 0‘0(X)1843 ; 

,. 0^ and 30(f = 0*0001887. 

This shows that the mercury expands faster at higher 
temperatures. 

An error in this method is that heat may flow over from 
the hot to the cold tube, and thus the lower part of the 
mercury in the cold column may be heated to an unknown 
amount. In the next place, in order to make the top of 
the column of mercury rise about the heating apparatus, 
Dulong and Petit put a little cold mercury on the top 
of the hot column, thereby introducing an uncertainty 
as to its average temperature. Lastly, owing to the 
curvature of the surface the mercurial columns are sub- 
jected to a capillary pressure which is less as the tempera- 
ture of the surface decreases. The difference in the lengths 
of the two columns is thus affected by this. These dif- 
ficulties were overcome by Regnault. 

58. Begp^nlPs method. Regnault made a very careful 
determination of the real expansion of mercury by this 
method with a greatly improved form of apparatus, shown 
diagrammatically in Pig. 46. His first improvement on 
Dulong and Petit’s apparatus was to connect the two 
vertical tubes, A C, P N (Pig. 46), near their upper ends by 
a horizontal tube, B G, at a point, 0, along the top of 
which was made a fine pin-hole. Hence when the two 
tubes were filled with mercury the height to which the 
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mercury rose was limited by the fact that the superfluous 
quantity would escape from the pinhole, and since the 
globule formed there would be very strongly curved the 
mercury in the two tubes would stand at a slightly higher 
level than the pinhole. 

When the two tubes, 

BC, GN, are at different 
temperatures the aipillary 
pressure in the colder one 
being the greater forces 
some mercury across BG 
and thus increases the 
length of the projecting 
column of mercury in the 
hotter tube until the com- 
bined pressure due to capil- 
larity and to the length of 
the columns of mercury 
is the same in both ; 
hence the two columns BC 
and G N would be sub- 
jected to exactly the same 
pressure at B and G. 

In the next place Eeg- 46. 

nault replaced the horizon- 
tal tube at the bottom of Dulong and Petit’s apparatus by 
two bent tubes, ODE, N K L, terminating in a tube, M, 
which led to an air reservoir. Heat was thus prevented 
from flowing from the hot to the cold tube. 

In carrying out an experiment mercury was poured in 
the tubes at A and E and pressure was applied to M to 
keep the mercury levels in D E and K L about half-way 
up the tubes. . 

When the mercury overflowed at 0, the tubes were 
ready for heating. The dotted lines represent the heating 
and cooling baths, and B G was also cooled by cold water 
from the cold bath. Each bath was well provided with 
stirrers. The temperature of the hot bath was measured 
by an air thermometer, T, and that of the cold baths by 
mercury thermometers, t As the heating proceeded, 
H. T. P. 6 



'"‘Wb""' 
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the mercury level in KL rose above that in B E, showing 
that hot mercury is less dense than cold mercury. The ver- 
tical distances between the hole, 0, and the centres of the 
tubes, CD, NK, and the heights of the columns, DE, KL, 
above the same centres, were now accurately measured. 

Let H = height of 0 above the centre of the tubes, C D, 
K N ; ^j, A, = heights of the columns, D E, K L, respec- 
tively from the same base line ; T° 0. = temperature of 
B C, and dr the density of the mercury at this temperature; 

C. = temperature of G N, K L, D E, and dt the density 
of the mercury at this temperature. 

Now, the air in M presses on the top of the columns in 
DE, KL with the same pressure, also the sum of the 
atmospheric and capillary pressures is the same at the 
points in the columns, B C, G N, on a level with 0, 

.*. the mercury pressure at E = mercury pressure at L, 

. *. Heirs' ~ hxd^ — Hdtg - hzdtff 
or Hdr = (H + A, ~ A2) d*. 


Let Cr denote the coefficient of real expansion of mercury, 
then expressing the densities in terms of density at 0® 0., 
viz. d(,, we get 


H 


d, _ 


1+<VT. 


(H + hi — Ag) 




(h + h, - A,') ** 


Now Crt ia small, hence in the term (1 -f Crt) Eegnault 
could use Dulong and Petit’s value of Cr without vitiating 
his result for Cr obtained by this formula. 

The great advanta^ of this method is that the heights 
to be measured are m vertical lines near together, and so 
cathetometer errors are minimised. 

Kegnault made over 120 experiments between tem- 
peratures of 0^ C. and 350® C. He plotted his results on 
a curve, and from the curve he calculated that the mean 
coefficient of real expansion of mercury between 


.(f 0. and KXf 0. = -OOOISIS, 
0PC.and20(ra « *0001841, 
(f C. and 300® C. « *0001866. 
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That is, if the temperature scale be derived from the air 
thermometer, the coefficient of expansion of mercury 
slightly increases with rise of temperature. 

In such a case the expansion must be represented by the formula 
V, = Vo(l+a«4-&«® + c<3) 

instead of by the simple formula V< = V© (1 + Crt), This suggested 
to Mendeleeflf the use of the formula V, = (which = 

Vo (1 + + W + kH^)) instead of V, = Vo (1 + Cft). 

Callendar and Moss have recently repeated Regnault’s experiment 
with improved devices. Regnault’s mercury columns were about 
metres high. By a simple device Callendar increased this to 
6 metres, but still kept the apparatus compact. Platinum thermo- 
meters (Art. 278) were also used to measure the temperatures of the 
mercury columns. For the coefficient of expansion at any tempera- 
ture Callendar obtained the formula 

c, = (1806553 + 12444 + 2«39 A) x 10-'”, 

which for temperatures up to 200® C. may be reduced to the ap- 
proximate form 

Cr = (18056 -f 2^) X 10“9. 

Note that the mean coefficient of expansion from 0® to 100° is very 
approximately the actual coefficient at the average temperature 50®, 
viz. -OOOISIOO. 

The increase in the coefficient of expansion of mercury 
with temperature is very small at ordinary temperatures, 
hence our justification for the use of the mercury thermo- 
meter in all ordinary work. 

Exp. 23. Find the coefficient of real expansion of a liquid, say 
mercury, by a modification of Begnault’s experiment. Take some 
I inch glass tubing, clean it and dry it, and then bend it into two 
U tub^, A and B (Fig. 47), making the lengths as long as possible 
—2 feet if possible, but at any rate not less than 1 foot. Choose 
two suitable lengths of 1* glass tubing, fit them with corks, and We 
the corks for the tubes and thermometers as shown. (If the ther- 
mometers may be tied on to A and B, no holes through the corks 
are required tor them.) Also if ice-cold water and steam are to be 
used in the jackets no thermometers will be required. Carefully 
thread A and B through the corks, provide the side tubes and the 
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thermometers, and mount the whole on a wooden upright, or tie the 
tubes to two vertical retort stands. It will be necessary to provide 
some scales. If millimetre scales on slips of porcelain or glass miiTor 
are to bo had, tie them on to A and B. If not, place wooden milli- 
metre scales vertically at the back of the large tubes, and a vertical 
looking-glass behind them, or the heights 
may be read by a cathetometer. 

Pour clean mercury, little bv little, into 
A and B. If any bubbles of air remain 
in the columns push a long wire down 
through and dislodge them. Connect the 
tops of A and B by thick rubber tubing 
to a glass T-pioco, the remaining end of 
which communicates by another piece of 
thick tubing to a bicycle pump. This 
piece of tubing should be provided with a 
.screw clip. Pump air into A and B until 
the mercury in one side of each is de- 
pressed nearly to the bottom, and the 
mercury in the other side elevated nearly 
to the top. Screw the clip tight. Read 
the differences of level of the two columns 
in A and the same in B. They should bo 
equal, and should remain constant. If 
not equal the scales are at fault and must 
be readjusted. If the heights decrease 
there is a l^kage and the rubber tubing 
must be tied on. Now pass cold water (ice-cold by preference) 
through B’s jacket, and hot water at a constant temperature, or 
steam, through A’s jacket The mercury gradually acquires the 
surrounding temperatures. When it has finished expanding read 
carefully the difference in levels Aj, in A, and the difference in 
levels Ai, in B. 

Let tx be the temperatures of the hot and cold jackets, and dj, 
d,, do the densities of mercury at these temperatures and at (f C. 
Then equating pressures os before, we have 



Aj dj = A, d, 




do 

1 + Crtj 




do 

1 + Cr tj*. 


»*» Aj -h Aj — A| Aj Cr ^3, 


Cr 


A, ~A , 
A, t-i - Aj 


More accurate results will be obtained by this method in the case 
of liquids, such as petroleum and turpentine, which have a large 
coefficient of expansion. 
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M£AN COEFFICIENTS OF BEAL EXPANSION OF LIQUIDS 

between 0“ C. and 4(f 0. 

Mercury* '000181 Turpentine *00105 

Watert '000193 Ethyl alcohol '00108 

Glycerine -00053 Chloroform -00140 

Aniline -00091 Carbon bisulphide ... *00147 

Petroleum *00099 Ether *00215 

To make these fibres comparable with those on p. 54, the former 
must be multipliea by 3, because they denote linear coefiBcients, 
and these refer to volume expansion. 

Examples. (1) Find the coefficient of real expansion of mercury 
on the Fahrenheit scale. 

The ranee, TF., is only of the range 1°0. 

.*. coefficient of expansion on the F. scale = f X *000018 = 
•0000101. 

It was proposed at one time to define the Fahrenheit degree to be 
such that the coefficient of real expansion of mercury on the F. scale 
was exactly *00001. 

(2) An alcohol thermometer is to be made from thermometer 
tubing of 1 mm. bore. Ten degrees of the temperature scale must 
occupy a length of about 2*5 cm. The bulb is to be spherical. 
What must be its internal radius ? 

Let r as radius of the bulb, then volume of bulb = | irrK 

The expansion per 10 degrees is approximately equal to 
firrs X 10 X (-00108 - *00003), 
and this must be equal to 

IT X (A)’ X 2*5. 

Therefore 

J X X 0105 « 

A/ifio ^ «I4 “ 

The internal diameter of the bulb must therefore be about 1*5 cm. 

(3) Determine the ratio between the height of the mercury in 
the glass vessels of a mercurial pendulum (p. 59) and the length of 
the steel rod in order that the distance between the top of the rod 
and the centre of mass of the mercury may be constant at all 
temperatures. 

If the temperature rises from 0* 0. to 0. the volume of the 
mercury increases in the ratio (1 + *000181 1 ) : 1 while the area of 

* See pp. 80, 82, 83. 

t The coefficient of expansion of water depends very much on 
the temperature. It increases rapidly as the temperature is raised. 
See pp. 87, 88. 
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cross section of the tube iiioresses in the ratio (1 + •000009 <)* : 1. 
The height of the mercury in the vessel therefore increases in the 
ratio 

(TT " -oooomt : 1 or 1 -000163 ( : 1. 

If h is the height of mercury in the vessel at 0® C. then /t/2 is the 
distance of its centre of mass from the bottom and (A/2) x 1 *000163 1 
is the distance at t" and {A/‘2) x *000163 i is the rise of the centre of 
mass of the mercury relative to the bottom of the tube. 

If I is the length of the steel rod at 0“C., I x *000012 < is the 
increase of length for ^G. Therefore we must have for exact 
compensation 

I X *000012^ = (A/2) X *000163 < 

, •0(K)012^. 

or A = 151 about. 

59. Expansion of water. The expansion of water has 
been the subject of numerous experiments. It is of special 
interest, not only because water is so genei-ally 
"3 used in physical operations, but also because it pre- 
sents noteworthy peculiarities. Amongst others, 
Pierre, Despretz, Hiillstrom, and Mathiessen have 
- - studied this question ; the first two used the ordi- 
nary dilatometer metliod, and the last two the 
hydrometric method. It is, however, most easily 
. , studied by using a constant volume dilatometer. 

Exp. 24. Make a large constant volome dilatometer 
and study the expansion of water. On a piece of capil- 
lary tubing blow a large bulb. (It is better to blow the 
III bulb on a piece of J in. tubing, and seal a piece of capil- 

® lary tubing* on to this.) Weigh the bulb, fill it with 
mercury and weigh again, and then empty out six- 
sevenths of the mercury, thus getting a constant volume 
dilatometer (Fig. 48). Find also the cross section of the 
capillary tube as in Exp. 21. Finally fill up with water 
Fig. 48. to a convenient point in the stem. If the stem is grad- 
uated so much the better ; if not tie a millimetre scale to 

the stem. 

Insert the bulb in a large bath of ice and water, provided with 
an accurate thermometer and a stirrer. Take the reading when 
the column is steady. Warm the water to 2® 0. and keep it there 

* The stem of a broken thermometer will serve the purpose well 
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for ten minutes. Stir well and take the reading. Repeat for every 
2“ up to 10° C., and for every 6“ up to 40° or above. Check the 
readings by letting the water cool again to zero. Add loe to 


Volume of 1 gramme of water. 



facilitate this. Take the mean of the two readings at any one 
temperature. Plot a curve, as in Fig. 49, showing how the reading 
rariea with the tempciaturo. 
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Note that as heating proceeds the column falls slowly and then 
very slowly until a temperature of 4" C. is reached. After this it 
rises, at first very slowly, and afterwards more rapidly, os long as 
the temperature is raised. At 4° 0. therefore the volume is least 
i.e. water is at its greatest density at 4“ 0. 

From the smoothed curve and the known dimensions of bulb and 
stem, calculate the coefficient of real expansion of water between 
various temperatures. Taking the volume of 1 gramme of water at 
4*0. as I’OOiX) o.c., find the volume at other temperatures. Check 
your results by the following table: — 

TABLE SHOWING THE DENSITY OF WATER AND THE VOLUME 
OF 1 GRAMME OF WATER AT VARIOUS TEMPERATURES 


Temperature 

Centigrade. 

0° (ice) 


Density. 

•9109 



Volume 

1-0906 

0® (water) ... 


*999874 



1 000127 

1 


*999930 



1*000071 

2 


•999970 



1 000030 

3 


•999993 



1-000007 

4 


1-000000 



1 -OOOtXK) 

5 


•999992 



1 ‘OOiKlOS 

6 


•999970 



] '0000.30 

7 


•9999.32 



1-000068 

8 


•999881 



1 000119 

9 


•999816 



1 '000185 

10 


•999736 



1 000265 

12 


•999537 



1 '000464 

14 


•999287 



1'0(K)714 

16 


•998988 



1 001013 

18 


•998642 



1-001360 

20 


•998252 



1 001751 

25 


•997098 



1 002911 

30 


•9957a5 



1 001314 

35 


•994098 



1 ‘005936 

40 


•99233 



1 00733 

45 


•99036 



100974 

50 


•98813 



1-01201 

55 


•98579 



1-01442 

60 


•98331 



1-01697 

65 


•98067 



1-01971 

70 


•97790 



1-02260 

76 


•97495 



1-02669 

80 


•97191 



1-02890 

85 


•96876 



1-03224 

90 


•96560 



1-03574 

95 ’ ... 


•96212 



1-03938 

100 (water) ... 


•95863 



1*04316 

100 (steam) ... 


*000598 



1672-6 
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With the volume dilatometer water can be lowered much 
below 0® 0. before freezing sets in, and it h^s been found 
that expansion continually takes place on cooling until 
freezing does set in. Even — 20°0. has been reached 
with liquid water. The slightest jar at this temperature, 
however, starts solidification and the temperature rises 
to 0°C. 

60. Hope’s experiment. Hope devised a simple experi- 
ment to determine approximately the temperature of 
maximum density. A tail glass jar, having two side 
openings fitted with thermometers, as shown in Fig. 50, 
is surrounded at its centre with an outer vessel containing 
a freezing mixture (Art. 118). The vessel is filled with 
water at the ordinary temperature, and al- 
lowed to cool under the influence of the 
freezing mixture. As cooling goes on, the 
lower thermometer falls steadily, while the 
upper one undergoes but little change ; but 
as the temperature of the former approaches 
4° C., it falls more and more slowly, and 
finally becomes stationary; meanwhile, the 
upper thermometer begins to fall mojje 
rapidly, and continues to do so until C. Fig. 50. 
is reached. Ultimately, a thin crust of ice 
begins to form on the surface of the water, and the lower 
thermometer remains stationary at 4° 0. 

These facts admit of simple explanation. The freez- 
ing mixture cools the water nearest it, this contracts, 
becomes denser, and descends, causing the lower ther- 
mometer to fall rapidly. This goes on so long as a fall of 
temperature causes the water to contract, but below 4® C. 
expansion sets in, and then the water cooled by the 
freezing mixture rises instead of falls, and causes the rapid 
fall of the upper thermometer to 0° C., while the lower 
thermometer remains stationary at the temperature of 
the lowest, and therefore densest, layer ; and its reading 
consequently indicates, approximately, the temperature of 
maximum density of water. 

This experiment illustrates what actually takes place in 
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pools of water during frosty weather ; the surface freezes, 
but the temperature of the deeper layers of water seldom 
falls below 4° C., and thus the lives of fish and other 
aquatic animals are preserved. It should be noticed hero 
that water expands on freezing, and thus the ice floats on 
the surface. Were this not the case, each layer of ice 
would sink as it was formed, and ultimately all the water 
in the pools would be converted into ice. 

Exp. 25. Fit up a tin can (instead of the glass jar above) and 
carry out Hope’s experiment. As a freezing mixture use ice and 
salt.* Take readings every 10 minutes. Plot curves, with tem- 
peratures as ordinates and times as abscissae. The curve for the 
lower thermometer will show a long horizontal portion indicating a 
temperature very nearly 4® C. 

Hope’s experiment is merely qualitative, and does not 
give any accurate determination of the temperature of 
maximum density. The apparatus has, however, been 
slightly modified by Despretz, and made to yield ticcurate 
results. He employed four thermometers at different levels, 
and observed the temperature of each at regular intervals 
of time. He then drew a curve for each thermometer, 
showing its fall of temperature with time, and from the 
peculiarities of these curves he deduced, with some accuracy, 
the temperature of maximum density, for which he gives 
S C. as the mean value of his results. 

61. Joule’s experiment on the temperature of the maxi- 
mum density of water. Hr. Joule ^opted a method the 
principle of which is closely connected with that of Hope’s 
experiment (see Art. 60). He employed a vessel consist- 
ing of two vertical tubes 4| ft. high and 6 in. in diameter, 
connected below by a tube fitted with* a stop-cock, and 
communicating above by an open trough or channel 
(Fig. 51). The vessel was filled with water, so that there 
was free communication between the two tubes, both by 
upper and lower channels, when the stop-cock was open. 

* If performed outdoors on a winter’s day when the temperature 
18 below & C. no freezing mixture is require. 
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To understand the method of experiment adopted with 
this apparatus, it must be remembered that, above and 
below the temperature of maximum density, temperatures 
can be found at which the density of water is equal — e.g. 
the density of water at 2® C. is nearly equal to 
its density at 6° C., for the mean of these tem- 
peratures is the temperature of maximum den- 
sity, Joule, therefore, determined, with his 
apparatus, a series of temperatures at which 
water had the same density. 

To do this the stop-cock was closed, and a 
light glass bead placed floating in the upper 
channel. The temperature of the water in each 
tube was now adjusted and the stop-cock 
opened ; if the water in one tul)e was denser 
than that in the other it sank, and a current Fig. 61. 
set up, through the stop-cock tube from the 
denser column and through the upper channel towards the 
denser column. This latter current carried the glass bead 
along with it, and hence the motion of this bead at once 
showed which tube contained the water of higher density. 
In this way the temperatures were adjusted until the glass 
bead remained stationary on opening the stop-cock; the 
mean of the temperatures of the water in each tube then 
gave the maximum density. By gradually diminishing the 
difference of temperature of the water in the tubes, Dr. 
Joule thus determined the temperature of maximum den- 
sity of water to be 39' 1° F. (3'95° C.) within a very small 
fraction of a degree. 

62. Barometric correction for temperature. The pres- 
sure of the atmospliere is usually expressed in terms of the 
height of a column of mercury at 0° C. which exerts an 
equivalent pressure. The observed height of a barometer 
at 0. has to be reduced to the equivalent height at 0° C. ; 
this is called correcting for temperature, and in applying 
the correction two points are to be remembei*ed: (i) To 
correct for the expansion of the scale between 0®0. and 
i°C. ; (ii) To correct for the change of density of the 
mercury. 
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Let H denote the observed height of the barometer at 
fG, taken from the scale readings, the height that 
would have been observed if the whole instrument had 
been at 0°0., I the mean coefficient of expansion of the 
scale, Cf the mean coefficient of real expansion of mercury, 
and t the temperature of observation. The scale readings 
ai’e only correct at zero, therefore the true height, corrected 
for the expansion of the scale, is H (1 + U). Denote this 
by H*. Then for (ii) we have, as in Art. 67, dt = 

That is- H{l+^0d, = Hodo. 

“0 

But ^ = -i— . (Art. 47.) 

l + M 

I -t Cfl 

Or, since Cr is usually greater than this is more 
generally written 

It should be noticed that the mean coefficient of real 
expansion of mercury is employed because the correction 
(ii) is necessary on account of change of density of the 
mercury. On no account must the column of mercury he 
treated as a rod subject to linear expansion. 

Example. A barometer with a glass scale reads 755*0 mm. at 
18° C, ; find the reading at 0°C. The ooeffioient of real expansion 
of mercuiy is *000182, and the mean coefficient of linear expansion 
of glass is ‘0000089. 

Applying the above formula we have 

Ho - 755 [1 - (-000182 - *000009) 18] 

« 755 [1 - *000173 X 18] 

« 755[I - *0031] » 755 -^*348 
« 7627 mm. nearly. 

EXERCISES V. 

1. Distinguish between the al^lute and the apparent expansion 
of a liquid, andnshow that the coefficient of absolute expansion is 
equal to the sum of the ooeffioient of apparent expansion and of the 
ooeffioient of expansion of the vessel. 
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2. The ooeffioient of absolute expansion of merourj beins 
and its ooeffioient of apparent expansion being find we oo* 
effioient of volume expansion of glass. 

3. A zino rod is measured by means of a brass soale^ and found to 
be 1 ‘0001 metres long at 10° C. What is the real len^h of the rod 
at 0°0. and at 10** G. ? [Mean ooeffioient of linear expansion of zino 
is *000029 and of brass *000019.] 

4. A rod of oopper and a rod of iron placed side by side are 
riveted together at one end. The iron rod is 160 cm. long, and a 
mark is made on the oopper rod, showing the position of the un- 
riveted end of the iron at (fC. If at 30^ the mark is 0‘0265 cm. 
from the end of the iron rod, what is the ooeffioient of expansion of 
oopper, that of iron being 0 000012? 

6. A weight thermometer when empty weighed 1 *3210 gm. After 
filling it with mercury atO^C., and then heating it to 100° C., 
‘2351 gm. of mercury was expelled. The thermometer, with the 
residue of the mercury, when cooled down to the atmospheric 
temperature weighed 16*3076 gm. From these data calculate the 
coefficient of apparent expansion of mercury. 

6. From the result in Question 6 and the known absolute oo- 
effioient of expansion of mercury (*0001816) calculate the ooeflfioient 
of volume expansion of the glass. 

7. The same thermometer as in Question 6, after filling with 
glycerine at 0" and then heating to 100° C., expelled 0*0678 gm. of 
glycerine, and on cooling down it weighed 2*710 gm. If the co- 
efficient of volume expansion of the gl^ is ‘(X)0026, calculate the 
absolute coefficient of expansion of the glycerine. 

8. A porcelain weight thermometer weighs 165 gm. when empty 
and 468 gm. when fuU of mercury at 0“ 0. When heated to 300“ 0. , 
the weight of overflow is found to be 13*464 gm. Find the mean 
ooeffioient of volume expansion ofporoelaiii between 0° and 300° 0., 
assuming that of mercury to be *000184 for the same range of tem- 
perature. 

9. An empty weight thermometer weighed 4*8165 gm. It was 
filled with water at 10* 0. and gradually heated in a bath. At 20“, 
40“, 6(f, 80°, 95° it was withdrawn and weighed, the weights being 
22*9032, 23*7966, 23*6340, 23*4220, and 23 2376 gm. Find the 
coefficient of real expansion between 20° and 40*, 40® and 60*, 60* 
and 80*, 8(f* and 96“. Draw a curve illustrating the change of co- 
efficient of real expansion with temperature. 

10. The ooeffioient of absolute expansion of mercury is *00018, 
the ooeffioient of linear expansion of glass is *000008. Mercury is 
placed in a graduated glass tube, and occupies 100 divisions of the 
tube. Through how many degrees must the temperature be raised 
to cause the mercury to occupy 101*56 divisions ? 
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11. A meroi^ thermometer wholly immersed in boilinc water 
reads 100® C. When the stem is withdrawn so that the graauations 
from 0® upwards are at an average temperature of 10" the reading is 
98*6®. Find the coefficient of apparent expansion of mercury in 
glass. 

12. A piece of glass weighs 47 gm. in air, 31 ‘53 gra. in water at 
4"C. and 31*75 gm. in water at 0(fC. Find the mean coefficient 
of expansion of water between 4" and 60", taking the coefficient of 
volume expansion of glass as 0*000024. 

13. A solid weighs 29*9 gm. in a liquid of sp. gr. 1*21 at 10® C. 
It weighs 30*4 gm. in the same liquid at 95® C. when the sp. gr. of 
the liquid is Mv. Calculate the coefficient of volume expansion of 
the solid, given that its mass in air = 45*6 gin. 

14. In an experiment made with Dulong and Petit’s apparatus to 
find the expansion of aniline, the column atO" C. was 62*3 cm. high 
and the column at 100® C. was 6*67 cm. higher. Find the coefficient 
of real expansion of aniline. 

15. In an experiment by Regnault’s method for the determination 
of the absolute expansion of mercury, the following data were ob* 
tained : H = 100 cm. ; A, = 12*4 cm. ; h = 15*97 cm. ;t^W C. ; 
T = 21(f C. Find the value of (V given by this ex|)eriraent, 

16. Water is said to have its maximum density at 4“ C. Explain 
what this means. 

In what respect is the behaviour of mercury diflerent from that of 
water when both are gradually warmed from 0®C. ? 

17. A barometer is provided with a silver scale which reads cor- 
rectly at 0" C. What is the true height of the mercury correspond ing 
to on apparent height of 76 1 *05 mm. at 15® C. ? What height would 
the barometer register at 0® C. ? 
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EXPANSION OF GASES. 

63 . In Art. 8 it was shown by a simple form of appa- 
ratus (Fig. 4) that gases expand when heated; otW 
simple pieces of apparatus which also illustrate the same 
fact are shown in Figs. 52, 63. Their construction is 
obvious ; the liquid used may be mer- 
cury, alcohol coloured with magenta 
dye, or coloured sulphuric acid. To 
get the column of liquid in the tube 
warm the reservoir so as to expel some 
of the contained air, and on cooling 
dip the open end of the tube in the 
liquid. If the cork in B fits tightly a 
fine hole should be bored through it to 
enable the air within B to communi- 
cate freely with the atmosphere. 

Exp. 26. Make one of the above pieces of 
apparatus, provide it with a home-made scale 
and observe its readings at different parts of 
the day, and at different days throughout 
the year. Compare ita readings with tliose 
of a mercury thermometer fixed in its neigh- 
bourhood. 

Exp. 27. Take a long tube, fill it aUmt three-quarters full with 
mercury, and measure the length of the air column still left in the 
tube. This air is at tlie atmospheric pressure. Now firmly close 
the tube with the thumb and invert the tube in a basin of mercury, 
as in making a barometer. Auain measure the length of the air 
column. It is greater than before, t.e. the volume has increased. 


1 . 0 * 


B 


Fig. 52. Fig. 53. 
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Now the pressure of the air in the tube [i.e, the pressure on the air) 
is equal to the barometrio height less the height of the mercury 
column in the tube. Read these two heights and find the difier- 
enoe. Show that 

Barometric height x former length of air column = difference 
between barometrio height and height of mercury column X final 
length of air column, 

i.e. the product presswre x volumt ii a constant. 

This is an anticipatory proof of Boyle’s Law. 

From the above experiment we conclude that the volume 
of a given mass of gas depends upon its pressure as well as 
upon its temperature, hence in considering the expansion 
of gases by heat the effect of pressure must not be 
neglected. 

64. The relation between the volume, temperature, and 
pressure of a gas. If experiments are to be carried out to 
find the relation between the volume, temperature, and 
pressure of a given mass of gas, it is obviously best to 
divide the experiments into three classes, and thus to find 

(1) The relation between pressure and volume when the 
temperature is kept constant. 

(2) The relation between volume and temperature when 
the pressure is kept constant. * 

(3) The relation between pressure and temperature when 
the volume is kept constant. 

We shall consider these separately in the following 
articles : — 


66. The relation between pressure and volume : Boyle’s 
Law. In 1662 Boyle stated that the volume of a given 
mass of gas is inversely proportional to the pressure when 
the temperature is kept constant. This may also be stated 
as follows : — The product of the pressure and the volume 
of a given mass of gas at constant temperature is con- 
stant, i.e. 

P, V, a. P, Vj » . . . a a constant (1) 

* This is the simple case of expansion as already studied in the 
oases of solids and liquids. 
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Thus if the pressure is doubled the volume is halved ; again, 
if the volume is to be increased threefold the pressure must 
be diminished to one-third its former value. 

Exp. 28. To verify Boyle’s law experimentally in the 
case of air for pressures greater than that of the atmo- 
sphere. A piece of apparatus called Boyle’s tube is gener- 
ally used (Fig. 54). To make it, take a long piece (say 
5 ft.) of stout glass tubing of about J in. 
bore; clean and dry it, and then carefully 
heat one end and seal it. At about 12 in. 
from this end heat the tube and bend it 
through two right angles. Mount on a board 
and attach min. scales to each limb, as in 
the figure, having the zeros at the same level 
and as low as possible. Insert a small fun- 
nel into the open end for the purpose of 
pouring in mercury. Take the apparatus 
into a corner of the room where the tem- 
perature will remain constant. As a check 
hang a thermometer near the short limb. 

Work over a mercury tray to catch spilt 
mercury. 

Pour a little mercury into the bend and 
adjust by shaking until the mercury sur- 
faces are both at zero. A certain mass of 
air has now been imprisoned in the short 
limb at atmospheric pressure. Read its 
volume, assuming the bore of the tube to be 
uniform, and taking the volume of unit 
length of tube as unit volume the number 
expressing the length of the tube may be re- Fig. 64. 
garded as the number expressing the volume. 

Pour a little mercury into the long limb. Note that the 
mercury does not rise in the closed limb as rapidly as in 
the open limb: this is due to the enclosed air exerting 
pressure. Read the two levels. Pour in more mercury 
and repeat the readings. Proceed till the long tube is full. 

Now read the barometer and note its height. The 
difference in level of the two surfaces in Boyle’s tube plus 
H.T.P, 7 
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the barometric height is the total pressure exerted on the 
gas, and therefore exerted by the gas. The volume of 
the gas is found by subtracting the reading of the mercury 
surface in the closed limb from the reading of the top 
of the tube.* Enter the results thus : 

Barometric height = 76 cm. Initial length of air column = 25 cm. 


Ht. of 
Mercury 
in closed 
limb. 

I. 

Ht. of 
Mercury 
in open 
limb. 

II. 

Excess 
Pressure 
over Atmo- 
spheric 
= I.-II. 
III. 

Totfil 
Pressure 
= Baro- 
metric 
Ht.-fIIL 
IV. 

Volume 
of Air 
deduced 
from 1. 

V. 

Product-, 
Pre.ssnrr 
X Vohunc 

VI. 

cm. 

cm. 

cm. 

cm. 



0 

0 

0 

76 

25 

1900 

5 

24 

19 

95 

20 

1900 

10 

61 

51 

127 

15 

1905 


The products in Column VI. are practically constant: 
thus, Boyle’s Law is verified. 

To verify Boyle’s Law for any gas it is only necessary 
to substitute that gas for air in the closed limb. 

Example. Suppose 10 o. ft. of oxygen at atmospheric pressure 
(15 Ib.-wt per sq. in.) to he forced into a steel cylinder of 0 6 c. ft. 
ca})acity. Required the pressure of the gas in Ib.-wt. per square 
inch. 

Applying P,Vi = PjV 2 j 

we obtain 15 x 10 = P, x 0*6 ; 

.’. P 2 = 250 Ib.-wt. per sq. in. 

A more satisfactory form of apparatus is shown in 
Fig. 56. V is a long graduated glass tube closed at one 

• The tube being of uniform cross-section the volume of the air is 
proportional to tbo length of the column of air. 
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end. Its open end is tightly fitted with an indiarubber 
stopper, through which there is a glass T-piece, one arm of 
which communicates by a long piece of thick indiarubber 
tubing, I E, to an open reservoir, E, con- ^ 

sisting of a piece of wide tubing, and the 
other carries a stopcock, C. The tube, V, 5 
may be fixed anywhere along the upright, P. jiLll 
The reservoir, E, can be raised or lowered 
by means of a string, S, passing over a ? 
pulley, W, fixed at the top of P. The mer- 
cury levels may be read by means of a milli- > 

metre scale attached to the front part of P. . 

The tiip, C, being closed, V is removed ^ 
from the board and mercury is poured in J 

E until V and a large part of the tubing is |T; -- ■ 

filled. The tubing being tightly clipped, V ; 

is placed in position and E hung beside it. f : 

To the stopcock C is then attached a long |r^ : 

drying tube, containing fused calcium chlo- ■ 

ride. E is then slightly lowered, and C 
being carefully opened, dry air rushes in j- 
and collects at the top of V. E is then 
carefully lowered until sufiicient air has -S 

been collected in V, when C must be closed. 

For experiments at a pressure greater 
than atmospheric, V should be near the TjlW 
bottom of the stand, and nearly full of air; lj| 
for experiments at pressures less than at- p 

mospheric, V should be near the top of the I 

stand, and about one-third to one-quarter I//? 

full of air. To perform the experiment E I 

is shifted to any part of the scale and the |,' 
string then attached to a stud at the back . 

of P. A short time is then allowed for !/ »’• 

things to come to rest ; the mercury levels 
in V and E and the volume of air in V are Figf 65 . 

then read. This is i-epeated for different 
positions of E, and the results are tabulated as before. A 
thermometer attached to V should indicate a constant 
temperature tfiroughont the experiment. . 
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Exp. 29. Carry out an experiment with an apparatus 
like the above. A 50 c.c. burette furnished with a well 
ground and greased glass tap may be used instead of the 
closed glass tube V. The volume between the 50 c.c. mark 
and the tap must first be obtained. The open end is then 
drawn out to fit the indiarubber tubing, and the burette is 
fixed with the tap end uppermost and communicating to 
the diying-tube. By elevating E the burette is filled with 



Volume of Air. 

Fig. 56. 

mercury, E is then lowered and the burette is filled with 
dry air. 

Plot a curve between pressure and volume, pressures 
being ordinates and volumes abscissae. The curve will be 
like Fig. 56, which represents readings taken with a 
quantity of dry air which at a pressure of 75 cm. of 
mercury occupied 50 c.c. and which was compressed in 
six steps to half the volume. 

Accurate results with a gas obeying Boyle’s Law per- 
fectly would give a rectangular hyperbola.* If the logarithm 

* See a book on Conic Sections for the equation to a rectangular 
hyperbola. 
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of the pressure is plotted against the logarithm of the 
volume the result is a straight line, for since 

Pj Vi = p2 Vj = P3 Vj = . . .a constant 
log Pj + log Vi = log Pj + log Vj = log Pa + log V 3 » . . . 

= a constant. 

Plotting therefore log P against log V we get a straight 
line. This straight line is inclined at 45° to either axis 
when log P and log V are plotted to the same scale (see 



Fig. 57. 

Fig. 57, which is obtained from the same data as Fig. 56). 
The logarithm diagram affords a bettor test of the accuracy 
of your results, for it is easy to see when a point is on 
or off a straight line, but not easy to see when it is on 
or off a hyperbola. 

A curve which represents the relation between the 
pressure and volume of a body at constant temperature 
IS called an isothermal curve.* We see that the isothermal 
of a gas like air is a rectangular hyperbola. 

* Qk. isoSp equal ; thermic heat ; thermos, hot 
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66. The relation between volume and t^mperaiurd, when 
pressure remains constant. We have learnt that every solid 
or liquid has its own coefficient of expansion which is always 
a very small fraction. But all gases have nearly the same 
coefficient of expansion, which is not a very small fraction. 

Exp. 30. To show that all gases have the same ooefiicient of ex- 
pansion. Dry a pint flask, F (Fig. .58), fill it with dry air, and fit it 
with a cork carrying a stout and short tlelivory tube, 1), leading into 
a collecting apparatus, A.* D 
should be clamped at 0, so as 
to 8up])ort F. 

Take a large beaker, B, fix 
it in position, and fill it U’ith 
water. Heat the water very 
slowly, stirring well, up to 
2ifG.f noting the temperature 
j by a thermometer, T. When 
the temperature has reached 
0. and bubbles have ceasecl 
to escape at the mouth of 1), 
place over it an inverted grad- 
uated gas jar, (-1, of say 2(H) 
c.cm. capacity, which has been 
filled with water. Now heat 
B till tlio water boils, f and 
when t)jc bubbles liave ceased 
to rise note the volume of air 
collected. Then take the cork 
out of F and turn oil' the gas, 
The volume of air in (> is the 
volume, measured at the tem- 
peratnre of the water in G, by 
l^j^’ which the quantity of air 

which filled F at a tempera- 
ture of 20^ C. is increased when heated to 100'’ C. 


• This consists of a trough in which is placed a small cylinder, A, 
with a hole in one side, and another, provided with a oonicyil flange 
opening inwards, through the top. The trough is filled with water 
till the cylinder is covered. The delivery tube is passed througli 
the side hole and the gas passes up through the hole in the top. 

f To prevent the water bumping as it boils, place a few fragments 
of unglazed earthenware (broken flow'cr-pf)t) in the beaker. When 
boiling occurs, a continuous stream of bnbl>le8 of steam will come 
off from these fragments, the boiling being continuous and com- 
paratively gentle. 
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Repeat the experiment, having previously filled F with coal-gas, 
hydrogen, or some other common gas. It will be found that the 
amount of gas which overflows into the measure is the same as was 
noted in the case of air. 

The last experiment is more or less qualitative. The 
earliest accurate experiments were made by Dalton in 
England, and by Gay Lussac in France. 

67. Gay Lussac’s method of finding the coefficient of 
expansion of a gas at constant pressure. For the purpose 
of this determination Gay Lussac obtained a wide ther- 
mometer tube with a spherical reservoir and a long stem. 

I 


T 


Fig. 59. 

This tube ho carefully calibrated and graduated after the 
plan mentioned in Art. 64. It was then filled with mer- 
cury and fitted, as at A, Fig. 69, into a wider tube, T, 
filled with calcium chloride. 

By introducing a platinum wire, W, into the tube the 
mercury was slowly shaken out, and its place taken by air 
which was quite dry owing to it having passed over the 
calcium chloride in the wide tube. A short column of 
mercury was left in the stem of the tube to act as an index ; 
it was then taken and placed horizontally (as at B, Fig. 59) 
in a sheet-iron vessel, V, which was first filled with melting 
ice and afterwards placed on a furnace, F, and gradually 
heated. The position of the mercury index was noted 
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when the bulb of the tube was surrounded with ice, and 
also at different temperatures as the heating went on. 

From these observations the mean coefficient of apparent 
expansion of air in glass was calculated, and the mean 
coefficient of absolute expansion deduced, from this result 
tind the known mean coefficient of expansion of the glass 
tube. It will be seen that this method is identical in 
principle with that of Art. 54. In this way Gay Lussao 
found the mean coefficient of absolute expansion of air at 
constant pressure (atmospheric) to be 0*00375 or This 
result we now know to be too high. 

Exp, 31. To find the mean coefficient of expansion of air 
at constant pressure. Take a piece of tubing, A (Fig. 60) , of 
uniform* bore (a piece about 2 feet long and J inch in boro 
will do), carefully clean it and dry it, and seal up one end. 

a 



Fig. 60. 


Heat the tube to over 100° 0., and dip the open end in 
strong suljphuric acid.f As the tube cools acid will l>e 
forced up into it. Obtain in this way a thread of acid, P, 
alx)ut an inch or so in length. When the tube is cold the 
thread should be nearly halfway down the tube. 

Fasten a thermometer, T, to the tube, and mount the 
tube by corks in a wide glass tube, G, so that the open end 
just projects, and then fix the outer tube horizontally, and 
provide it with corks, so that a current of water or vapour 
may be passed through it. 

Pass a slow current of ice-cold water (0°C.) through 
G. By means of a metre scale measure as accurately 
as possible the distance between the closed end of the 

* Test the uniformity. 

t The great advantage of using strong sulphuric acid is that it is a 
strong absorbent of water vapour, and so it effectually dries the 
enclo^ air. If the air were moist its expansion would be abnor- 
mally great 
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tube and the near end of the thread. This length is pro- 
portional to the volume of the air at 0^ C. Denote this 
volume by V„. 

Now pass a steady current of steam through the tube. 
The air in A will expand and force the thread outwards. 
This expansion will occur at atmospheric pressure ; for the 
other side of the thread is exposed to the atmosphere. 
When the thread becomes stationary note again the posi- 
tion of the near end. Denote the volume of the air at 
100°C.byV„, 

Then c^, the moan coefficient of apparent expansion of 
air in glass at constant pressure between 0° C. and 100° C., 
is given by 

V ,00 - Vo 

100. Vo 

and Cy the mean coefficient of real expansion of air in glass by 
C^ = Ca -he = Ca + '000025. 

Since is much larger than c, and the above experiment 
is only rough, it is not worth while correcting for the ex- 
pansion of the vessel. 

The above coefficient is the mean coefficient between 0° C. 
and 100° C, 

68. Kegnault’s method of finding the coefficient of expan- 
sion of gas at constant pressure. In Gay Lusstic’s method 
there are two important sources of error, (a) The moisture 
clinging to the interior of the thermometer tube was not 
removed, and, as it was converted into vapour on heating, 
the volume of the enclosed air appeared to increase more 
than it really did, hence the result obtained was too high. 
(b) The index of mercury in the stem did not completely 
separate the enclosed air from the outer air. 

Regnault modified his apparatus so as to avoid these 
errors ; the interior of the vessel which contained the gas 
was thoroughly dried by alternately filling it with dry wiinn 
gas and exhausting it by means of an air pump, and the 
mercury index in the stem was replaced by a long column 
of mercury in a U tube (or manometer). His apparatus 
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is shown in Fig. 61. The reservoir A, in which the gas is 
placed, is a small spherical vessel which can be enclosed in 
a suitable metal vessel, M, and the temperature of the con- 
tained gas adjusted by filling the space between the two 
with ice, water, steam, etc. 

The manometer, BODE, consists essentially of two 
vertical tubes communicating below by a metal bend to 
which a tap is attached. In order to keep it at a unifom 

and known temperature 
j,; it is immersed in a water 
bath, not shown in the 
figure. One of the tubes, 
B C, ends in a fine piece 
of tubing which is bent 
over at B and joined to 
the stem of A; the other, 
D E, is much higher. 
Communicating with the 
horizontal part between 
B and A is a small tul)e, 
t, by means of which the 
m' interior of A is dried, 

and the gas introduced 
into it after passing 
D through a series of dry- 

^ rp ing tubes. 

To perform the ex- 
periment the reservoir, 
A, is surrounded with 
melting ice, and mercury 
is poured into the mano- 
meter at E until it rises to the mark m on the tube, B C, 
and to a point in D E on the same horizontal line as m. 
This adjustment of levels is readily efifected by varying, 
through t, the quantity of air in A. The tube t is now 

sealed off in the blow-pipe, the ice in M removed, and a 

small quantity of water put in its place and heated till it 
boils. 

The reservoir A is thus surrounded with steam at the 
temperature of the boiling point; the contained gas 


Fig. 61 . 
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expands, And, depressing the column of mercury in B C, 
causes that in D E to rise. The tap T is then opened and 
some mercury run out, the level in D E falling more rapidly 
than that in B C. As the gas further expands more and 
more mercury is run out, and when the expansion is com- 
plete the levels of the mercury columns in B C and I) E 
are adjusted in the same horizontal line in a position 
similar to that shown in the figure at m\ m". 

The air in A has thus expanded, between 0° 0. and f C., 
at a constant pressure equal to that of the atmosphere at the 
time of the experiment,* for, both at 0° C. and t° C., the 
mercury columns in the- manometer have been adjusted so 
as to have no difference of level. If, then, we know the 
relative volumes of A, of its stem up to m, and of the 
portion of B C between m and m', we can calculate the mean 
coefticient of absolute expansion in the usual way. 

It must bo noticed licre that the gas in the part of the apparatus 
outside M is at a clifierent temperature to that in A, hence a cor- 
rection for this as well as for the expansion of the glass must be 
a})plied in working out the result. 

Thus, for example, let the initial temperatures of the reservoir 
and manometer be 0°0. and the final temperatures T°C. and t°C. 
Also let V„ and bo the volumes of the reservoir and the space 
mm' at 0°.-f Then the initial volume of the air at 0® C. is Vq, and 
the volume of the air if all were at T” C. would bo 

V„(l + cT) + «(! + -:() 

where Cr is the coefficient of real expansion of air at constant pres- 
sure and c is the coefficient of volume expansion of glass. 

But this must be equal to 

Vo(l + c,T), 

V„ (1 + e, T) = (I + c T) + « (I + c «) ( 
from which c, may be calculated. 


* If the atmospherio pressure has not remained constant, allowance 
must be made for this in adjusting the mercury levels at the finish 
of the experiment. 

t Vft includes the portion of the capillary tube included within 
the heater, and includes that portion kept at the temperature of 
the manometer. 
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Eegnaiilt found by this method the value 0 0036706 
for the mean coefficient of absolute expansion of air at 
atmospheric pressure between the freezing and boiling 
points of water. For different gases the value of this 
coefficient varied slightly, especially in the case of gases 
which are easily liquefied. Practically, however, this 
result, which is approximately equal to may be con- 
sidered as applicable to most gjises. 

Exp. 32. To show that the expansion of air is uniform. 

Modify the apparatus of Exp. 31 by bending up the end of 
the tul>o and using a long metal water bath, as in Pig. 62. 
Bind several pieces of copper around the tube at various 
distances from the closed end. Heat slowly, stir well, and 



Fig. 62. 


take the temperatures as the inner end of the liquid 
column arrives at the wire marks. The temperature should 
1)6 kept constant for a minute or two before taking the 
reading. Finally measure the distances of the wire marks 
from the closed end of the tul)e. Tabulate and plot 
lengths and temperatures. The graph is practically straight, 
showing that the expansion is nniiorm. Deduce from the 
graph the value of c^. 


Example. In an experiment like the above with a tube of very 
uniform bore, wires were tied around at distances of 36, 38, 40, 42, 
etc., cm. from the closed end of the tube. The experiment was 
begun at 0“ C., when the near end of the column waa between the 
first and second wires. The temperatures at which it arrived at 
the other wires were 14® G, 20'* G, 44®G, 58° G, 74°G 88*0 On 
boiling it did not reach the eighth wire. ’ 

Plot the curve (Fig. 63). It is practically straight. Deduce from 
It tliat Vo, given by the point A, « 36 0om., and given by the 
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point B, = 49’ 5 cm., and honoe that tho coefficient of apparent 
expansion of air in glass at constant pressure 


49-5 - 36 0 
30 X 100 


13*5 

3600 


- *00375. 



Fig. 63. 

69. Another method of measurement of the coefficient of 
expansion of air at constant pressure. The principle of the 
weight thermometer may be applied to determine the co- 
efficient of expansion of air at constant pressure. The 
weight thermometer after being filled with dry air is heated, 
say, to 100° C. with the open end of the neck just dipping 
under mercury in a dish. When no more air is expelled 
the thermometer (and mercury) is cooled to O'* C. and mer- 
cury flows into the tube. The pressure of the air remaining 
in the thermometer is then adjusted to that of the atmo- 
sphere, the mouth of tlie thermometer closed with the tip 
of the finger, and the thermometer withdmwn from the 
mercury in the dish. It is then weighed. From this 
weight and the weight of the empty tube the weight of 
mercury now in the tube can be found. Let it be m gm. 
The thermometer is now filled with mercury at 0°O. and 
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weighed agtiin. Let the weight of the mercury which fills 
the tube at C. bo M. Then we have 


Volume of air which filla the thermometer at 100° 0. 
^Volume of the same quantity of air at 0° U. 


/. l + 100c« = 


M -m ^ ^ M - m* 


11)0 (M - my 


If the temperatures are C. and C. instead of 0"^ C. 
and 100"^ C. we have 

1 -j- ftt i'Z ^ M 

1 + Ca M - W 


whence 


Ca 


in 

M (<7- h) - 


Exp. 33. Find the coefficient of expansion of air at con- 
stant pressure. (The experiment is much more easily j)er- 
formed if water is used to fill the bulb instead of mercury. 

The results are not quite as accurate, 
but at this stage it is more important 
to gi'asp principles than to get ac- 
curate results.) 

Make a bulb B (Fig. 64) from a 
piece of glass tubing or a boiling 
tube ; the neck should be dmwn out 
very narrow. Care should bo taken 
that none of the condensed water 
from the gas flame geta into the tube. 
Weigh the bulb. Fix the bulb, with 
tube upwards, in a clamp so tlmt as 
much of it as is possible is immersed 
in water placed in a large beaker. 

Fig. 64. Boil the water and take its tempera- 

ture, say. 

After about ten minutes of boiling bring a blow-pipe 
flame to the open end of the neck and s^ it. Now ta^ 
the btilb, invert it in cold water in a large beaW (Fig, 84) 
and break off the tip of the neck with a pair of forceps. 
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The water rises within the bulb. Support the bulb in a 
clamp so as not to warm it with the hands, adjust its level 
till the water within is level with the water without and 
leave it for five minutes to acquire the temperature of the 
water. Head this temperature, C., say. Finally adjust 
the bulb to get the water levels the same, and then quickly 
close the mouth of the neck with the finger or a bit of 
plugged rubber tubing, and reinvert the bulb. Dry the 
outside and weigh the bulb (including the fragment broken 
off). Now fill the bulb with water, adjust the temperature 
of the water to C. before withdrawing the neck of the 
bulb. Dry and weigh again. Work out the results as in 
the following example. 

Example. In an experiment as described above the weight of the 
bulb was 7‘14 gm., weight when partly filled with water at9®C. 
was 14’67 gm,, weight when filled with water at 9°C. was 37'35gra. 
'I’ho Ixiiling water was at a temperature of 101° C. Find the coeff. 
of expansion of air at constant pressure. 

We have (neglecting the effects of water vapour), 

Volume of air filling bulb a t lO rC. ^ 37 3 5 - M4 ^ 30“21 
Volume of same air at 9°C. 37*35 - 14 67 22*^’ 

• 92 _ ?.53 

* ‘ 1 + 9c« 22-68’ 

.*. Ca = -0037. 

70. Dalton’s, Gay Lussac’s, or Charles’s law. The facts 
that air and other gases expanded uniformly when heated 
at constant pressure were first discovered, as mentioned 
above, by John Dalton, the author of the atomic theory, 
and afterwards verified by Gay Lussac, and more accurately 
by Regnault, and their formular expression is known as 
Dalton’s, or Gay Lussac’s, or Charles’s Law. It may thus 
be enunciated : — 

The coefficient of expansion of any gas nnder constant 
pressure is or 

If the temperature of any given mass of gas, whose 
pressure is maintained constant, be raised 1° C., the 
volume increases by ^ of the volume it would have at 
O** C. under the same pressure, 

M. V# » Vo(l + 
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where = the volume at 0® C., V, = the volume at f C. 
of tlie same mass of jj^as, and = 5^5. 

Also 


. Vi, ^ IJ- rrjh 

‘ ' v; i + Crt 


( 3 ) 


a useful relation. 

Ill the case of Regnault’s experiments the pressures used 
were in the neighbourhood of the atmospheric pressui*e, 
but of course by using higher pressures we may determiue 
the coefficient of expansion of the gas in a state of greater 
density. It is found that the coefficient slightly increases 
as the pressuie increases. In the case of air the true is 
given by = *0036()05 ‘00781/), where p is the density. 

In Reguault’s experiments p = *001293 gm. per c.c. 

The coefficient of expansion also varies with the teinjiem- 
ture, very little at ordinary and higli temperatures, but 
considerably at low temperatures, especially when the gas 
is approaching its temperatui*e of liquefaction. 


71. Relation between the temperature and the pressure 
of gases when the volume is constant. When a gas is 
heated in a closed vessel so that it cannot expand it is 
obvious from our previous knowledge that its jpremire 
must increase. Wo now proceed to find out how it in- 
creases in the case of air. 


Exp. 34. To find the coefficient of increase of pressure 
of air at constant volume. Fit up an apparatus as shown 
in Fig. 65. A is a bulb (2 to 3 in. in diameter) full of 
dry air, attached by a stout narrow tube B C I) (of 
lK)i*e), bent twice at right angles, to a long piece of 
stout indiarubber tubing, D E F, in the other end of which 
is thrust a straight bit of open glass tubing, F G. By 
means of clamps I) C is attached to an upright stand, M, 
and then D E F is filled with mercury so that the mercury 
rises into B C and F G. F G is attached to a sliding piece, 
K, which can be f^tened at any height by means of a screw- 
clamp, S. A millimetre scale is pasted on to the front of 
M, and leveling screws, L, L, L, serve to set M vertical* 
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Take a large beaker, half fill it with cold water and 
lumps of ice, and fix it so that A is wholly submerged. 
The temperature of A gradually arrives at 0° 0. ^ Adjust 
K so that the mercury surface in C D reaches a convenient 
point, 0 , as near the bulb as possible.* Read the level of 
the mercury surface, j?, in GF and the height of the 
barometer. If this is H, then P„, 
the pressure of the air in A, = H 
plus the difference in levels of o and 
p it p is above o, or H minus the 
difference in levels if is below o. 

Now put a burner underneath 
the beaker and heat the water. As 
the temperature rises the air in A 
will expand and force the mercury 
in C D down. Prevent this by lift- 
ing up G F so that the mercury is 
forced back to o. Proceed till the 
temperature is nearly 20° C., then 
turn the burner down and keep the 
bath at 20° C. for some time. When 
things are steady finally adjust K 
till the mercury is exactly at o, and 
then read the height of the mercury 
surface in GF and the barometer. 

Deduce the pressure at 20° C,, in 
the same way as P^ was deduced. 

Now proceed to temperatures of 40° C., 60° C., 80° C., and 
100° C. (boiling), and repeat the observations. Tabulate 
the results. 

Plot a curve taking temperatures as abscissae and pres- 
sures as ordinates. The result will be a straight line, show- 
ing that the pressure increases uniformly witn tem{>erature 





* is a constant. 


• If tho apparatus has not previously been set up this may be 
managed by filling tho indiarubber tubing with mercury before 
slipping it on to tho tube, CD. A being previously at the air 
temperature the mercury will rise up D C os A is cooled to 0” C. 

H. T. P. 8 
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If the experiment is performed carefully, it will be found 
that this constant is also eq^ual to 


Example. The following table shows a set of results which may 
be obtained : — 


Tainperatvire. 

ProBanro. 

Increnae of Prea- 
siire alK>vB 

7G0 nim. 

Inoreaae of Pleasure per 
degree rise above 0*^ C. 

0“C. 

7G0 mm. 

— 

— 

21°C. 

818 min. 

58 mm. 

If or 2*79 mm. 

32° C. 

849 mm. 

*89 mm. 

II or 2*78 mm. 

54° C. 

910 mm. 

150 mm. 

YjiP or 2 ‘78 mm. 

75° C. 

968 mm. 

208 mm. 

or 2‘77 mm. 

1 100° c. 

1038 mm. 

278 mm. 

f or 2-78 mm. 


The mean of the last column = 2’7H, 

o 1 

. *. the coefficient of increase of proRsuro = -1 = - _ . 

^ 7(>0 274 

The above experiment leads us to write 

P* = Po (1 + CapI), 

where is the coefficient of increase of pressure at con- 
stant vomrae uncon'ected for the expansion of the vessel, 
and t is the temperature Centigrade. We see that is 
approximately 

The correction for the expansion of the bulb may be 
applied in the usual manner. Thus if is the coefficient 
of real increase of pressure at constant volume, 

Cf = Cap -f- C, 

but c is so small that as a rule it is smaller than the pro- 
bable error in e^, hence the correction is negligible. 
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Exp. 88. To prove that the ooeffloient of inerOaid of pressure is 
the same for all gases. Take a long piece of glass tubing, bend it as 
shown in Fig. 66 (which is a ^rspective view) and suck up some 
mercury or strong sulphuric acid to act as a pressure gauge in the 
U tube. Put the ends of the tubes through 
two rubber corks, which are of such a size as 
to fit tightly into two flasks, A and B (which 
need not be of the same size). 

By passing a continuous stream of a gas, 
say coal gas, by means of a tube through the 
flask A tor some time it may be filled with 
coal gas to the exclusion of any other gas. 

Similarly fill B with any other gas or let it 
remain full of air. Place the flasks side by 
side in a big beaker and fill- the beaker witn 
water (the clamps required are not shown in 
the figure). Push the corks into the flasks. 

The levels of the liquid in the two sides of 
the gauge should now be the same. 

Heat the water to boiling, meanwhile in- 
serting a screen between the gauge and the 
l)eakcr. Observe that tAe liquid in the gauge 
w undisturbed. But we know by former experiments that the prefN 
Burea in the two flasks must have increased ; we therefore now 
deduce that they have increased by the same amounts, ».c. the co- 
efficient of increase of pressure is tne same for coal gas as for air. 
The same holds for most gases. 

Summing up the results of the last two experiments we 
get the following law : — 

The Law of Pressurea.— If the temperature of any given 
mass of gas, whose volume is kept constant, he increased 
P C. the pressure is increased by of the pressure at 
0°C., 

i.e. P, * Po ( 1 + Cpi) where Cj, = 5^ 

Also Pfi = I*o(l + Cpfi)> 

» ^ " t Cpti 

*’pr“i+cp<* 

a useful relation. 

72. Begnault’s determination of the coefficient of in- 
crease of pressure of a gas with temperature when the 
volume is constant. The relation between pressure and 
temperature for gases at constant volume was also investi-- 


( 4 ) 

( 5 ) 
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gated by Kegnault, using the apparatus already described 
in Art.. 68 (Fig. 61). The mercury column was always 
brought back to m in order to keep the volume constant. 
This was done by pouring mercury in at E. 

As a result of his experiments Kegnault found 
Cp = *00.3665, 

which is slightly less than Cr. Similar results were obtained 
for other gases. The two coefficients are so nearly equal 
that for all practical purposes they are taken as identical 
and equal to (which equals ‘OOSOGJl). In the follow- 
ing articles c or will be used indiscriminately for 
c, and Cp. 


OAS COEFFICIENTS BETWEEN 0^ C. AND 100“ C. (EEQNAULT). 


Air 

Hydrogen 
O.xygen 
Nitrogen 
Cai lKui dioxide 
Sulphur dioxide 


At constant volume 
(initial prciuuro atinoi<|>hfric). 

0*0036650 
0*0036678 
0 00.36743 
0*0036(58*2 
0*0036856 
0*0038450 


At constant pressure 
(atmusplicrii'). 

0*(H)3670{) 

0*00.36613 


0*(X)36700 
00037000 
0 •00.300*28 


73. The gas thermometer. One of the most important 
applications of the expansion of gases is the use of gases 
as thermometric substance.s. As gases expand much more 
than either solids or liquids a gas thermometer is much 
more sensitive than a mercurial one, the expansion of any 
gas for 1° C. being more than twenty times that of the 
same volume of mercury, Purtlier, the expansion of a gas 
is so great compared with that of the vessel which conbiins 
it, that it is necessary to know only the approximate law of 
exp.ansion of the latter. 

If we take a mercury thermometer as our standard of 
temperature there is no option but to say tliat mercury 
expands uniformly with rise of temperature, and, strictly 
speaking, there is no meaning in the phrase. Also using 
a mercury tJiermomoter to give our scale of temperature it 
has been found that gases do not expand absolutely uni- 
fonnly. If, however, a gas thermometer gra<Iuatod from 
its own indications is U8e<l, of course it may be said the 
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gas expands uniformly with the rise of temperature and 
also that mercury does not expand uniformly. 

There is a third scale of temperature, the thermo-dyna- 
mic scale,* which is of immense theoretical importance 
in the study of the higher part of this subject, and there- 
fore preferable to either the above. The theory of it is, 
however, too difficult to deal with here, and we must 
content ourselves by saying that since the gas-scale of 
temperature agrees more closely with the thermo-dynamic 
scale than the mercury-scale does, the gas-scale is taken 
as the absolute scale of temperature, and all temperature 
indicators made for practical use are graduated by com- 
parison with a gas thermometer. 

It does not greatly matter what gas is used in the ther- 
mometer as long as it is a fairly permanent gas, i.e. one 
whoso point of condensation is very much below the 
ordinary mnges of temperature, and thus we find air, 
oxygen, hydrogen, nitrogen, and helium being employed by 
different observers, but perhaps helium, from its chemical 
inactivity, is the best one to employ. There are other im- 
portant reasons for the adoption of air, or other gas which 
dtws not easily condense, as a thermometric substance; 
these we sliall consider later (Art. 99), when the question 
of s|)ecific heat has been dealt with. 

Theoretically, the air thermometer may take one of two 
forms ; any apparatus, by means of which the mean co- 
efficient of expansion of air at constant pressui'e, or the 
mean coefficient of increase of pressure at constant volume 
has been studied, may be used as an air thermometer ; for 
if c bo known we can use the relation Vt = V„ (1 -f ct) to 
detormiiio t, thus — 



or we can use the relation P* = (1 -f c Q to determine 

t, thus — 

, - Po 


* See Stewart: Higher Text-book of IlecUf Ch. XIV.^ for th^ 
thermo-dyuamio scale. 



118 


EXPANSION OP GASES. 


We may therefore use as an air thermometer either of 
the forms of apparatus shown in Fipfs. 61 and 65. In 
practice, however, only one form is used.* Although the 
great expansion of gas is in one way an advantage, it is 
a great inconvenience if we wish to measure temperature 
by expansion at constant pressure, for the expansion is 
so great that a comparatively large proportion of the gas 
necessarily occupies, on expansion, portions of the apparatus 
which are not at the temperature it is desired to measure, t 
For this reason it has been found most convenient to 
employ the apparatus used to determine the mean co- 
eflScient of increase of pressure at constant volume 
(Fig. 65). In this apparatus the air can be kept through- 
out the experiment at the temperature it is required to 
measure, and this temperature is given by 

^ ^ ~ ^0 _ 273 "I?? 

‘ - P„c - P. • 

Here is known from the barometric height (H) at 
the time of the experiment, and the difference of level (p) 
of the mercury columns hi the two tul>es. It is equal to 
(H -f p). Pq is detennined once for all by surrounding 
the bulb with melting ice and determining H and p in the 
same way as for P< above. The scale on the instrument 
may he directly graduated in degrees once P^, is determined. 
For, since the pressure increases by Pft/273 for every PC. 
rise in temperature, it is easily seen that the scale of 

* In 1887 an International Committee of Weights and Measures 
adopted the following resolution: “That the Intcrnatifmal Coni> 
inittee of Weights and Measures adopt os the Normal Thermo- 
metric scale . . . the Cciiti^pwlo scale of the (Constant Volume) 
Hydrogen Thermometer, having as fixed points the temperature of 
melting ice ((f) and that of the vapour of distilled water in ebul- 
lition (100”) under the normal atmospheric pressure, the hydrogen 
being taken under the manornetric initial pressure of one metre of 
mercury.” For high temijeraturcs (20(f -60(f) nitrogen or air Is now 
preferrra to hydrogen. 

t Callendar has designed a constant pressure thermometer ip 
which this error is eliminated by a compensation device. Cne 
great advantage of the constant pressure method is that the bulb 
is not subjected to any internal or external pressure strains. 
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Fig. 65 may bo marked off in steps, each of length Po/273, 
and then labelled the appropriate degrees. 

If pressures are measured by mercury and = 760 mm., 
the degrees are i.e. 2*78 mm. in length. 

Owing to the fact that the properties of air remain 
unchanged through a very wide range of temperature, the 
air thermometer may be used to determine very high or 
very low temperatures. When used at very high tempera- 
tures the bulb is made of porcelain, and in this form it is 
a most reliable pyrometer or instrument for measuring high 
temperatures. The details of construction of air thermo- 
meters vary greatly according to the purpose for which they 
are required; the bulb is often very long and cylindrical, as 
shown in Pig. 45. For other purposes it is comparatively 
small and spherical ; but in all cases the method of experi- 
ment and the details of calculation are identical. 

74, Absolute temperature. Imagine an air thermometer 
constructed out of a long tube of uniform bore in such a 
way that temperature is indicated by increase of volume 
at constant pressure, and let the air in the tube when 
at 0"^ C. occupy 273 cm. of the length of the tube. If this 
thermometer were plunged into steam produced at the 
normal atmospheric pressure the air would expand, showing 
an increase of volume equal to of its volume at 0° C. 
Hence, at 100^ C. the air would occupy 373 cm. of the 
length of the tube, and if this space of 100 cm., between 
the freezing point and boiling point, is divided into 100 
equal parts of 1 cm. each, then each division will corre- 
spond to 1° C. If now this method of division is carried 
down the tube below the freezing point, the reading at the 
bottom will he — 273° C. This temperature is called the 
absolute zero. 

If temperatures are reckoned from this point as mv, then 
the freezing point, which is 273° C. higher, is denot^ by 
273° Absolute (written as 273° A.), and the boiling point 
is at 373° A., or, generally, ^° C. bwomes (273 4- 0 
absolute scale, i.e. the temperature ^°C. = (273 + ^)° A., 
which is usually written T° A. Since this absolute zero is 
^.t the bottom of the tube it would seem to imply that, at 
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this temperature, the volume of the air is reduced to 
nothing. This result is, of course, physically impossible, 
and only presents itself if we falsely assume that air 
remains a gas during the whole range of temperature 
between C. and — 273° C. ; this we know is not the case, 
for at a certain temperature it would liquefy,* and at a 
lower temperature become solid; consequently its law of con- 
traction would altogether change at these low temperatures. 

Although the supposition on which the above calcula- 
tion of the absolute zero is based is very crude yet this 
value of the absolute zero differs only by a few tenths of 
a degree from the accurate value obtained by refined cal- 
culations by Lord Kelvin and Professor Callendar. 

In dealing with questions relating to gases it is exceedingly 
convenient to measure temperatures from this absolute zero, 
for if we do so we may state that the volume of a given 
mass of gas at constant pressure is proportional to its 
absolute temperature. Thus, in the case of the uniform air 
thermometer tube mentioned above, if the volume of 1 cm. 
of its length is denoted by v, then the volume of the air at 
273° A. is 273 r, at 373° A. it is 373 v, and at '1° Absolute 
it is given by T v, that is — 

Vn % 

where T° and Tj° denote absolute temperatures corre- 
sponding to t and degrees C. 

This can be derived from formula (3) (Art. 56), viz. 

Here, c = therefore—* 

273 + 1 

i ^ 27 3 4- < 

Viii t 4' alsb ^ 3 4* 273 4* 

273 

* Air liquefies at - 192” C., ».e. 81® A. It is thcsrefore perlmps 
better to define Absolute Temperature as temperature on such a 
scale that the volume of a given mass of a not easily liquefied gas 
is at ordinary or higher than ortlinary temperatures proportional to 
the temperature. On this definition we need not worry about the 
absolute zero* 
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This enables us to state Charles’s or Dalton’s Law in 
the simple form — 

The volume of a given mass of any gas at constant 
pressure varies directly as the absolute temperature, 


t.e. 


V 

T 


a constant when P is Constant. 


Example. A given mass of oxygen occupies 24 0 c.c. at 15°C. 
Find its volume at 25° C. if the pressure is unchanged. 

First cluvTigo the Centigrade temperatures toabsohite temperatures. 
They are 273 + 15 and 273 + 25. 'J'hen apply Charles’s or Dalton’s 
Law, and we get 

= Va. . 

273 + 15 273 + 25 ’ 

V,5 = 24 X I? .. 24-8 O.O. 

In the same way if we consider the law of variation of 
pressure with temperature we shall find that the pressure 
exerted by a given mass of gas kept at constantvolume is pro- 
portional to its absolute temperature. Thus, if the pressure 
at 0^ C. is that due to 273 mm. of mercury, then since the 
pressure at constant volume increases or diminishes by 
of its value at 0'^ C. for a rise or fall of P C. we have — 

the pressure at 100® C. = 273 + if §.273 = 373 mm. 

„ „ - 1° C. = 273 - 54g.273 = 272 mm. 

„ „ -10®C.= 273 - 5 ^^ 3.273 = 203 mm. 

„ „ -273®C. =273 -m273 = 0 mm. 

If now we rewrite this table and express the temperatures 
as absolute temperatures wo have — 

pressure at 37iF A. is that duo to 373 mm. of mercury. 

„ „ 272®A. „ „ 272 „ 

,, „ 203® A. M i> 203 ,, ,, 

ft a ^ A. ,, „ 0 ,, ,, 

Tliis shows that the pressure is directly proportional to the 
absolute temperature. This result may be deduced directly 
from formula (5) (Art. 71) for, 

^ Lt£L « LtjAsi « 'L 

Ff j l + c<jj 1 + 273 + Tj 


m 
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The law of FuBssares now becomes : 

The pressure of a given mass of any gas at constant 
volume varies directly as the absolute temperature, 

p 

i.e. ~ = a constant when V is constant. 

The two relations (6) and (7) which we have thus estab- 
lished are of great importance. It must be remenilwmi 
that ((>) is true only if pressure is constant, and (7) is true 
only if volume remains constant. 

Example. A given mass of gas at — 73“ 0. oxertg a wressuro of 
60 cm. of raoroury. What prasaure will it exert at 2TO. if the 
volume is unchanged ? 

Apply the Law of Pressures and we get 

- I" _ . 

^3-73 iW3>27’ 

Ofio 

P - GO X = 90 om. of mercury. 

The complete explanation of the absolute scale of tem- 
peratures belongs to Thermo-dynamics, and cannot hero be 
c<)iisidere<l ; but it is interesting to know that absolute 
tempimiture, as determined by the air thermometer, corre- 
sponds very closely with absolute temperature properly so 
called, as determined from thermo-dynamic considerations.'* 

75. Oraphical representation of the change of volume 
of a gas with temperature. The graph showing how the 
volume of a given mass of gas varies with the temperature 
when the pressure is kept constant is practically a straight 
line over ordinary ranges of temperature, as is shown by 
the straight line V„ in Fig. 67. This has been proved 
in Exp. 32 (see Fig. 63). If this line is produced on the 
side of lower teiri|)erature it will be fbund to cut the 
tem|>erature axis at the temperature —273^0. This is 
the graphic representation of the fact deduced in Art. 74, 
tliat the absolute zero of the air thermometer is — 273‘^0, 

* See SUswart: Te^t-hook of Htaly Ch. XIV., for the 

thermodynamio scale, 
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As explained in that article it is a physical impossibility 
that this graph should truly represent the change of 
volume, as the temperature is lowered to — 273^ C. and 
the graph for these low temperatures only represents what 
would happen if Charles’s Law were applicable at all 
temperatures. 

What actually takes place is indicated, in a general way^ 
by the dotted line of Fig. 67 drawn for air. At normal 
pressure air liquefies at — 192'^C., and as the temperature 



approaches ~192®C. the volume of the air diminishes 
more rapidly than Charles’s Law requires ; this is shown 
by the dotted line falling below the continuous line. At 
— 192°C. the volume suddenly decreases from that occu- 
pied by the gas at —192° to the volume of the correspond- 
ing liquid at — 192°C. Below — 192°C. the volume of 
the liquid decreases very slowly with decrease of tempera- 
ture, but never becomes nil — that is, the dotted line 
gradually approaches the temperature axis, but does not 
reach it. 

A curve which represents the relation between the volume and 
temperature at coovStant pressum is called an isopiestic.* Fig. 67 
shows an isopioatic for air. A curve which represents the relation 
iHjiween pressure and temperature at constant volume is called an 

isometric, t 


* Gk. equal ; piezein^ to press, 
t Gk, ms, equal ; metrQn, a measure, 
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70. The general relation between pressure^ yolome, and 
temperature for a gas. If P, V, and T denote the pressure, 
volume, and absolute temperature of a given mass of gas it 
is possible to eshiblish for these three quantities a simpK; 
^neral relation which includes the throe relations discussed 
in this chapter. 

From Boyle’s and Charles’s Laws we know that 
V varies as i when T is eonsUint (Boyle’s Lvw), 
and V varies as T when P is constant (Cluirles’s Law). 

Hence, when both T and P vary, wo have that 

V varies as . 

That is, V - R 

where K is a constant. 

This is conveniently written in the form 
]>V 

= K (a constant) (8) 

That is, however P, V, or T may vary tho quantity 
PV/T for a given mass of a given gas remains constant. 

This is a very important equation, and should bo re- 
membered. It is called The Gas Equation. 

Prom the above simple fonnula it is easy to calculate 
what volume a given mass of gas will occupy at any 
temperature and pressure if the volume at any other 
temperature and pressure is given. 

Example. A quantity of gas measured at 27" and a pressure 
of 740 mm. ha.s a volume of 400 c.o. Find the vulumo of tlie gas at 
(f C. and 760 mm. pressure. 

For Ist state of gas 

Ti = 273 -f 27 = 300, P, = 740, V, - 400. 

For 2nd state of gas 

Tj = 273, Pi “ 760, and is required. 

*1’V 

Therefore applying - a constant 

740 X 400 „ 760 V., 

' 300 ‘^ 3 * 

V, « 354 0.0, 


we get 
Hence 
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77. The general relation between pressure, density, and 
temperature. Since 

Mass =* Volume x Density 

the density of any given mass of gas is inversely propor- 
tional to the volume of tlie gas. 

Denoting density by D we may then write Boyle’s 
Law as 

Dap when T is constant, 
and Dalton’s or Charles’s Law as 


D a V when P is constant. 
Hence, when P and T both vary we have 


Da 


T’ 


which may l)e written in the form 
P 


DT 


s a constant. 


Example. Tho density of hydrogen at 0°C. and 760 mm. is 
•OfXKHXMH gm. i»cr c.c. Find tho density at KKfO. and 780 mm. 


Applying 
w'o have 


Jj„= Ji 

1),T, D/fj 
760 _ 780 

•00(X)9()0l X 273 Dj x'373’ 


•0(X)09001 X 


780 

7(k) 


^273 

373 


=a •0000676 gm. per o.o. 


When one part of a volume of gas is heated more than 
tlie rest it becomes less dense, and since volume for volume 
its weight is now less than that of the colder gas which it 
displaces it rises and colder gas flows into take its place. 
Currents called convection currents are tlms set up in the 
gas and colder portions of gas are rapidly brought near 
tho source of heat. By this means, therefore, heat may be 
rapidly distributed through the gas. Convection currents 
may also be produced in the liquids in the same way. The 
fuller treatment of convection is reserved for Chapter VII. 
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78; A perfect gas. 

relation 


A perfect gas is a gas for which the 



is absolutely true whatever the values of P, V, T. T, of 
course, being measured on the thermodynamic scale. None 
ot the existing gases is perfect, but gases like oxygen, 
niti-ogen, hydrogen, and helium, which are liquefiable only 
with great difficulty, behave very nearly like a perfect gas 
for ordinary ranges of pressure and temperature, while 
ga-ses like carbonic dioxide, sulphur dioxide, chlorine, 
which are easily liquefiable, show great departure from 


PV 

the relation — = R when the pressure is increased or the 


temperature diminished. 

It follows that for a perfect gas Boyle’s Law, i.e. PV = 
a constant when T is constant, is absolutely true ; also that 
V is absolutely proportional to T when 
P is constant, and that P is absolutely 
proportional to T when V is constant. 

The student should prove that for 
a perfect gas the coefficient of increase 
of volume at constant pressui*e is exactly 
constant for all temperatures and equal 
to the coefficient of increase of pressure 
at constant volume. 

79. The differential air thermoscope. 

Le8lie’sdifferentialthermo8Cope(Pig.fe) 
consists of a bent tube terminating 
in two equal bulbs containing air ; the 
Fig. 68. t^jnd of the tul)e contains coloured sul- 

phuric acid,* and the quantity of air 
in the bulbs is so adjusted that, when both are at the 
same temperature, the columns of acid, on each side of 



• Any indicating liquid may be used, but water or spirit are not 
well adapted because of their volatility, mercury is unsuitable by 
reason of its great clensity, and glycerine and oil by reason of their 
viscosity. Coloured sul[iburio acid is thorefeve commonly used. 
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the horizontal part of the bend, are at the same height. 
Thus constructed the instrument is very sensitive to 
difference of temperature of the air in the bulbs; the 
expansion of the air in the wanner bulb depresses the 
column of acid nearest it and correspondingly raises the 
other column. 

Ruraford’s thermoscope is very similar to Leslie’s ; the 
horizontal part of the bend is much longer and contains 
a short thread of alcohol which, acting as an index, takes 
the place of the sulphuric acid columns. 

These instruments are graduated by experiment. The 
bulbs are placed in water, and the position of the index 
corresponding to the same temperature in each is marked 
on the scale. A difference of 10 degrees is then established 
l)etween the two bulbs and the corresponding index position 
again marked. The difference of temperature between the 
two bulbs is now reversed and another mark made on the 
scale. The space between these two extreme marks is then 
subdivided as required, and the position of the first mark is 
taken as the zero of the scale. 

As a rule therraoscopes are used only to indicate and not 
to measure changes of temperature. They have been 
largely used in the study of Radiation (see Ch. XIV.). 

EXERCISES VI. 

1 . State the effect on the volume of a given mass of air of altering 
its temperature without altering its pressure ; also the effect on its 
pressure of altering its temjieraturo without altering its volume. 

2. A litre of hydrogen, at 10® C., is heated at constant pressure 
to 293® C. Find its volume, 

3. Air is enclosed in a vessel at (fC., and, the volume being 
kept constant, the temperature is lowered to - 88® C., at which 
temperature the pressure is found to be 385 mm. Find the pressure 
at 0®0. 

4. Find the volume occupied at 0® C. and 760 mm. pressure by 
500 c.e. of oxygen measured at 10® C. and 750 mm. 

6. 1000 O.O. of air at 50®C. are cooled down to 10^ C., and at tlie 
same time tlie external pressure upon the air is inorca.sed from 
760 mm . to 765 mm. What is the volume reduced to, the coefficient 
of expansion of air for I® 0. being 0*00366 ? 
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6. In a determination of the coefficient of expansion of air by Gay 
Lussao’s method the volume of the air in the tube was found to be 
240 0 . 0 . at 0® 0. and at IT C. its apparent volume was 310 c.c. Find 
the value obtained for the re(juircd coefficient. The mean coefficient 
of volume expansion of glass is 0 000026. 

7. A porcelain air thermometer is used to determine the tempera- 
ture of a furnace. The excess of the pressure of the air in the bulb 
over the atmaspheric pressure is found to be that duo to 1843 mm. 
of mercury. Find the temperature of the furnace, given that the 
barometric height at the time of determination equals 758 mm and 
that at 0 ®(a the pressure of the air in the bulb was equal to that of 
the atmosphere. 

8. A volume V of gas at pressure P and temperature T is heated 
(1) at constant pressure and (2) at constant volume to a temperature 
T. Express in terms of P, V, T, and T' the resulting state in each 
case. [The state of a given mass of gas is expressed by giving its 
pressure, volume, and temperature.] 

9. 10,000 c.c. of hydrogen at 20’0®C. and 760‘0 mm. pressure 
occupy a volume of 9532 4 c.c. at 10 0®C. and 770‘0 mm. pressure. 
Find the mean coefficient of expansion of hydrogen. 

10. A litre of hydrogen weighs 0*090 gm. at O'^C. and 760 mm. 
pressure. Find the weight of a litre at 20^ C. and 706 mm. 
pressure. 

11. Compare the density of air at 10” C. and 760 mm. pressure with 
its density at 15” G. and 760 mm. pressure. 

12. A flask containing air is corked up at 20° C. and heated in an 
air bath. A pressure of two atmospheres inside the flask will force 
the cork out : at what temperature will this take place ? 

13. Find the temperature of the absolute zero on the Fahrenheit 
scale. 

14. 500 0 . 0 . of oxygen gas are measured when the temperature is 
20" C., and the temperature is then raised to 40° C., the pres.sure 
meanwhile remaining invariable. What is the volume of the 
oxygen at the latter temperature ? (The coefficient of expansion of 
oxygen is 

15. 1000 cub. in. of air at a temperature of 30° C. are cooled down 
to 0"C., and at the same time the external pressure upon the air is 
doubled. What is the volume reduced to, the coefficient of expan> 
sion of air being 0*00366 ? 
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CONVECTION. 

80. Convection currents. Convection currents are set 
up in a fluid when the uniformity of density throughout 
its mass is disturbed by unequal lieating. When a mass 
of liquid, for example, is hejited from below the portions 
first heated expand, and thus becoming less dense than the 
surrounding liquid, are displaced upwards and give rise to 
an upward current from the point of heating. The liquid 
thus displaced upwards is replaced by the cooler liquid 
adjacent to it, and in this way downward and lateral 
currents feeding the upward current are established. 

Similarly, if a gas flame or other heated body is placed 
in the middle of a room containing air at a uniform tempera- 
ture, convection currents are at once set up. The air in 
the neighboudiood of the flame ascends and is replaced by 
air supplied by downward currents external to the ascending 
current. 

Change of density of a gas is accompanied by change of 
refractive index. This explains why on a very hot day 
distant objects viewed through the air, lying over the hot 
surface of the land, appear to be quivering. The same 
appearance results when we look across the tops of burners 
or stoves at the objects in a room. The twinkling of stars 
is explained in the siune way. 

Exp. 36. In a beaker of water strew some paper pulp 
made by grinding a piece of blotting-paper in a mortar 
with a little water. Place it on a piece of wire gauze on a 
H.T. p. 9 
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tripod stand, and when the water has become nearly still 
put the flame of a Bunsen burner turned down low under 
the middle of the beaker (Fig. 69). 
Note the ascent of the warm water up 
the middle of the beaker and the in- 
draught of cold water from the top 
and sides. 

As a yariation we may, instead of 
using paper pulp to indicate the flow, 
put a few magenta crystals at the 
middle of the bottom of the l>eaker. 
The stream lines along which convec- 
tion occurs are then indicated in 
colour. 

Exp. 87. In a similar beaker of water and 
paper pulp put a piece of ice. When the 
commotion due to the introduction of the 
ice has siibsuletl, note the desKjending cold 
current from the melting ice and the in-draught currents of wanner 
water along the top towards the ice. 

Eim. 88. Light a simple gas burner in a room where the air is 
not disturbed by draughts. Hold a piece of smoking jiaper near 
the burner and note the upward direction of the convection current. 
Also jRnd in the same way, if possible, the direction of the currents 
which feed this upward current. 

Exp. 39. Fill a largt flask witli smoke and note the convection 
currents set up by a small candle flame placed at the centre of the 
flask. 

Exp. 40. Open a door between a warm room and the cooler 
passage or halt Hold a lighted candle in the open dorwway near 
the top ami near the bottom and note, from the direction of the 
flame, the direction of the air current in each position. The 
current will be found to be outward from the room at the top and 
inward at the bottom. Close the door and And the direction at the 
key-hole. 

81. Diftribntion of heat by convection. When a liquid 
in a reesel is heated from below the convection currents 
set up establish a system of circulation in the liquid. 
Under this system the liquid circulates round and round, 



Fig. 69. 
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and every portion of it is, in turn, brought near the 
source of heat. In this way every part of the liquid is 
rapidly heated by the heat supplied at one point. It is 
for this reason that boilers are heated from below. In 
cold weather convection occurs in ponds and lakes because 
the surfaces are cooled from above (cf. Hope’s and Joule’s 
experiments, Arts. 60, 61). 

Again, when a body cools in air or other 
gas the cooling is partly due to radiation, 
but mainly to convection. The circulation 
of the gas over exposed surface carries heat 
away from the cooling body. 

Exp. 41. Set up the apparatus shown in 
Fig. 70, and fill the flask with litmus solu- 
tion and the bottle with dilute acid. Heat 
the flask gently. Note the ascending current 
of litmus in BA, and the descending current 
of acid in CD E as it issues at B. Note 
also that the circulating liquid quickly as- 
sumes a uniform red tint, showing the rapid 
“mixing” effect of the convective circulation. 

If acid coloured with litmus is placed in Fig. 70. 
the flask, and alkali coloured with litmus in 
the bottle, and the quantities be adjusted to give exact 
neutralisation, the experiment is more effective. 

82. Heating by hot-water pipes. An application of 
convection currents is found in the system of heating 
buildings by hot-water pipes. The principle is the same 
as that of Exp. 41. The water in the boiler, which is 
placed at the lowest available position, is heated directly 
l)y the fire and rises through the outflow pipe, which 
should emerge from the boiler at its highest point, and, 
circulating round the network of pipes, retura by the 
return pipe which enters the boiler at its lowest point. 
The rapidity of the circulation depends on the difference 
between the average densities of the water in the outflow 
pipe, from the boiler to the highest point reached, and that in 
the return pipes from the highest point to the boiler. This 
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difference of density itself depends on the difference of 
temperature, which should therefore be as great as 
possible, and for this reason the outflow pipe should pass 
vertically upwards as far as possible, so as to have a long 
vertical column of water at the highest possible tem- 
{)erature. 

83. Ventilation. The simpler systems of ventilation are 
merely methods for establishing convection currents be- 
tween the outside air and the air in the room to be venti- 
lated in such a way as to promote free circulation of the 
air without creating draughts. The following experiment 
illustrates the principles applied in ventilation. 

Exp. 42. Stand a caudle in a saucer. Pour water around 
it. Light the candle and stand a tall cylindrical glass tul>e, 
such as a lamp chimney, over it. Note the candle goes 
out. This is due to lack of ventilation ; no air can get in 
underneath the chimney—the water prevents that—and no 
air can flow down the chimney. 

Repeat the experiment, this 
time introducing down the chim- 
ney a piece of cardboard or metal 
shaped like a T (Fig. 71). Notice 
that the candle continues to burn. 
There is a down-draught one side 
of the T'piece and an up-draught 
on the other side. To show this, 
hold some smouldering brown 
paper near one side of the card- 
board and note the direction in 
which the smoke moves. 

Tlie experiment works much 
better if the caudle is shifted so 
as to be underneath the column in which the up-draught 
occurs. 

The draught in a chimney is also a means of ventilation. 
The heated air ascends and is replaced by colder air from 
the room, and thus a fire in a room to which the outer air 
has access is an effective means of ventilation. 
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It is of great importance that the true cause of convec* 
tion in liquids and gases should be understood, and con- 
fining ourselves to one particular case let us 
consider the case of the draught in a chim- 
ney when a fire is lighted at the bottom. 

Let Fig. 72 represent a chimney stack stand- 
ing, say, outdoors. When a fire is lighted 
on the hearth the air immediately above the 
fire is heated and therefore expands. This 
expansion forces some of the air in the front 
of the fire outwards. At this stage let us 
stretch an imaginary diaphragm XY across 
the mouth of the fireplace. We will now con- 
sider the pressures on the two sides of X Y. 

Take two points A, B, on the same level 
near tlie top of the chimney, A being over 
the hole of the chimney and B just outside 
the chimney, and two points D, E, on the 
same level on the two sides of X Y. Draw 
verticals A C, B P from A, B, cutting the 
horizontal through D, E, in C and P. Let 
H be the point where A C enters the region 
of warm gas near the fire. 

Then if P = prt*ssure of the air at A and B, 
p = density of the air lying along 
AH and BP, 
p, = density of the hot gas in the region HOD, 
the pressure at D = P -f A H . p . gr + H C . pi . gf... (1) 

and the pressure at E = P -f B P . p . (2) 

Therefore from (1) and (2) 

pressure at E — pressure at D = H G (p’-pi)g ... (3) 

The right-hand member of (3) is positive. There is 
thus a force acting from right to left across X Y, and as a 
result of this force the diaphragm XY is forced towards 
the fire, or if we remove the diaphragm air from outside is 
forced into the neighbourhood of the fire. The region, H C, 
of heated gas thus gradually extends. The pressure differ- 
ence at X Y thus gradually increases and is a maximum 



Fig. 72. 
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when the whole chimney is full of hot gas. The draught 
up the chimney thus gradually increases until the fire is at 
its height. 

When a number of people are in a room the air in their 
neighbourhood is renderecl less dense than the rest of the 
air on two accounts : (1) by the rise of temperature, (2) by 
the presence of water vapour from the breath (see Art. 176). 
This air rises, as explained above, to the upper part of the 
room. If there is no exit for this hot impure air it 
gradually accumulates and the room gets “ stuffy.” Ven- 
tilators should there- 
fore be provided at the 
top of tne room for the 
exit of this gas, and 
ventilators near the 
floor of the room for 
the inlet of fresh air. 

If there is an open 
fire in the room the 
chimney serves as an 
exit for most of the 
gas. If, however, the 
incoming fresh air is 
not thoroughly mixed 
with the air of the 
room there is likely 
to be a cutting 
draught along the room and the upper part of the room 
will remain foul. 

The Tobin tube, T (Pig. 73), has been designed to 
remedy this state of affairs. The tube communicates at its 
lower extremity to the outer air, and at its uppir end to 
the room at about five feet from the ground. The draught 
up the chimney C causes air to rise up the Tobin tube, 
and this air thoroughly cleanses the upper part, of the 
room before also taking it« departure up the chimney. In 
gome cases the Tobin tube is built aroiuid the chimney so 
that the inoomihg air is warmed (waruiod Without being 
fouled) Iwfore it enters the room. 
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Rooms which are properly constructed for thorough 
ventilation in the summer often act badly in the winter, 
because the large up-draught in the chimney caused by the 
fire makes all other openings to the room serve as inlets of 
air. A warm central staircase acts in the same way. 

In the old methods of ventilating mines two shafts used 
to be sunk, and these were connected at the bottom by the 
workings. A fire was lighted at the bottom of one shaft. 
This produced an up-draught and a current of fresh air 
tiien descended the other and permeated the workings. 

There are also mechanical methods of ventilation in 
which fans and pumps are. used to circulate the air. These 
methods do not come under the head of thernml convection.* 

84. Winds. The familiar phenomena of winds are good 
examples of convection currents set up in the atmosphere 
by unequal heiiting. As examples we may consider : — 

Land and sea breezes. Land absorbs solar heat more 
nipidly than water, and, owing to its ‘smaller specific heat,t 
is raised to a higher temperature by the heat thus absorbed. 
For the same reason laud loses heat more rapidly than 
water. Hence, during the day the land gets heated by 
solar radiation to a greater degree than the sea, and the 
air in contact with it also gets heated, expands, and, rising, 
is replaced by the cooler air over the sea, thus causing a 
sea breeze. After sunset, however, the land cools more 
mpidly than the sea, and ultimately the air over the land 
becomes colder than that over the sea ; the direction of the 
current of air is then reversed, and during the night a 
land breeze prevails. 

The trade winds. The surface of the earth within the 
tropics becomes greatly heated by the sun, and this heat is 
communicated to the air in contot with the earth, causing 
it to ascend. To replace this air, a current of colder air 
sets in from the polar and temperate regions, thus tending 

* For fuller details of ventilation reference may be made to Air 
Currmls and the Law of VenlUationf by Dr. W. N. Shaw, the 
Director of the Meteorological Office (Camb. Univ. Press), and to 
Hygiene for StudentSt by Dr. Willoughby (Macmillan). 

t See Art. 90. 
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to produce a north wind in the northern hemisphere, and a 
south wind in the southern hemisphere. 

To determine the actual direction of the wind it is, how- 
ever, necessary to consider the rotation of the earth from 
west to ejist. A point on the surface of the earth near the 
equator has a velocity, from west t-o east, of more than a 
thousand miles per hour ; but this velocity decreases as we 
approach the poles, where it becomes zero. Hence, if a 
miiss of air starts from a place having a velocity, from west 
to east, of eight hundred miles per 
f hour, and flows towards the equator, 
its direction relative to the surface of 
the earth will gradually tend towards 
the west, until, on reaching the equa- 
5 tor, it will have a relative velocity of 
A N' many miles per hour from east to west. 

^ Hence, if, at a point on the borders 
I of the temperate and tropical zones in 

I the ‘northern hemisphere, NS (Fig. 

yj'ri 74) represents the velocity of the 

Fig. 74, current of air towards the equator, 

and NW represents its relative velo- 
city towards the west, then N A represents in magnitude 
and direction the actual velocity of the wind relative to 
the surface of the earth.* Similarly S' A' represents the 
magnitude and direction of the wind in the southern hemi- 
sphere. Tims, a north-east windf is produced in the 
northern hemisphere, and a south-east wind in the southern 
hemisphere. These winds are known as the trade winds. 

The directions of the trade winds of course vary with 
the latitude and the shape of the surrounding coasts. 
Students should consult their atlases to see how far this 
simple theory agrees with fact. 

85. Ocean currents. — If any part of the ocean is subject 
to constant, or nearly constant winds, the result must be to 
blow the surface waters in the direction in which the wind 
blows, and thus give rise to drift currents. Notably the 

* This in an applloation of The Parallelogram of Velocities. 

t A north-east wind is a wind/rm the north -east 
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trade winds by their great constancy have such an effect on 
the waters of the equatorial belt. Both the N.E. and S.E. 
Trades conspire to drive the surface waters of the equator 
towards the W,, and thus give rise to the Atlantic and 
Pacific Equatorial Brift Currents. If there were no 
obstructing land, these currents would flow continuously 
round the earth. But as it is, when they reach the, western 
hides of their oceans they are deflected in directions deter- 
mined by the configuration of the land. 

Consider the Atlantic Equatorial Drift. It is a wide 
lielt of hot water about 50 fathoms deep, blown across 



Fig. 75. 


from the AfrK>an side at the rate of about 18 miles a day. 
On reaching the wedge-shaped coast of Brazil it is divided, 
one small branch proceeding southward, but the greater 
part travelling along the northern coast and between it and 
the West Indian Islands into the Gulf of Mexico. Here it 
has been greatly converged and accelerated as by a funnel, 
and sweeping round the Gulf it issues from the narrow 
Florida Strait with a speed of about four miles an hour, or 
about five times its original rate, and still retaining so 
much heat that its temperature ranges from 77® to 83® P. 

It is now known as the Oulf Stream (Pig. 75), and flows 
in a north-easterly direction across the Atlantic. Even off 



138 


CONVECTION. 


the Newfoundland Bank, when it has travelled more than 
2,000 miles from its point of origin in Florida Strait, its 
temperature is 20” to 30” P. higher than that of the sur- 
rounding water, on which it accordingly floats. But its 
speed is now greatly reduced by its spreading out in a fan 
shape. 

So far it may be considered to have travelled under the 
original impulse derived from the trade winds, but when 
this force has nearly ceased to he effective it reaches the 
region of prevalent S.W. winds, by which it is carried on 
in the same north-easterly direction until it reaches the 
western coasts of the United Kingdom, Prance, and Norway, 
where its influence in mitigating the severity of the winter 
in those countries is very great. The ports of Western 
Norway are never ice-bound, whereas those much further 
south on tlie Baltic coast of Sweden, to which the warm 
waters of the Gulf Stream do not penetrate, are regularly 
frozen up for months every winter. It is the very higli 
specific heat of water that enables the Gulf Stream to give 
out so much heai to the countries washed by it. 

A large number of ocean currents are surtace drifts, due 
to the action of prevailing winds, like the Gulf Stream 
when it reaches N.W. Europe, but some are due to con- 
vection. Thus the cold in the Arctic regions causes water 
to sink and flow towards the equator as a deep current, while 
the surface water at the equator flows towards the poles, 
to replace the water carried away by this under-current. 

Much work has been done on the Gulf Stream in recent years to 
elucidate its real cause and the effects it may have on the climate 
of N.W. Kunipe and the fisheries of the adjacent seas. 


EXERCISES VIL 

1. Wherein does the manner in which heat is usually diffused 
through liquids and gases differ from its mode of diffusion through 
solidsl 

2. Explain the heating of a building by hot water circulating from 
a (ingle Wler in the ba^ment. 

3. What is the use of ventilation, mid what are the luuanH by 
which it is usually carried out? 
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4 . (a) Why do the lower parts of the ocean never get warm ? 

(6) Why is the surface-water of the ocean sometimes salter, 
than that below ? 

(c) Why is ocean -water near land sometimes less salt than that 
far away ? 

{d) Why are the warm currents, like the Gulf Stream, confined 
to the surface of the ocean ? 


EXAMINATION QUESTIONS ON THERMOMETRY AND 
EXPANSION. 

1. Describe the method of construction and graduation of a 
mercury thermometer. 

What are the properties of mercury which make it a good sub- 
stance to use for thermometry? 

2. Being given a mercury thermometer the bore of which is 
uniform, aescribe how you would determine any possible errors in 
its standard points, ancl show how’, knowing tluise errors, you could 
construct a graph from which the error of any other reading within 
the range of the thermometer might be directly read off. 

3. Describe a clinical thermometer. How is it constructed so as 
to have a restricted range of scale? How would you test it if you 
had reason to suspect its accuracy of reading? 

4. Two thermometers, one (a) with a Centigrade graduation, the 
other (b) with a Fahrenheit graduation, when immersed in the same 
liquid bath gave respectively the following reelings; — 

A: - 101, 0, 10% 19 8. 

B: 14-5, 32*4, 50 6, 68*3. 

Calculate a table to show the error of the Fahrenheit thermometer 
at each temperature, assuming the Centigrade thermometer to be 
correct. 

Plot a curve between error and temperature and deiluce the 
probable corrections to be applied to B at 20® F., 30“ F., 40“ F., 60® F. 

Notr,— - llie thermometers are only read to the first decimal place. 

6. A given mercury thermometer is graduated in degrees Centi- 
grade from the freezing point to tlie boiling point of water. The 
bulb of the thermometer has a capacity of 0*8 o.o. and the internal 
area of cross section of the stem is 0 05 sq. mm. Neglecting the 
coefficient of volume expansion of glass in comparison with tliat of 
mercury, which is approximately 0*00018, estimate the distance 
between consecutive divisions of the thermometer scale. 

6. Describe carefully a method of determining the coefficient of 
linear expansion of a solid between 0“C. and 100“ C, 
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A rod is found to be 100 cm. long at 50“ C. and lOOi cm. long at 
100“ C. Assuming that it expands uniformly, obtain a formula 
giving its exact length at any temperature, and calculate its co- 
efficient of cubical expansion. 

7. The coefficients of linear expansion of copper and iron being 
*000018 and ■0(XX)12 respectively, find at what temperatures two 
bars of copper and iron, which are each 100 cm. long at 15“ C., 
would differ by *1 cm. 

8. Two equal bars of iron and copper respectively are laid side t)y 
side, and are firmly attached to each other at their ends by short 
cross pieces. When a ])iece 1 foot long is cut out of the middle of 
one ot the bars, it is found that, however the temperature alters, 
the distance between the cut ends of the two pieces left remains 
always the same. Which bar is cut, and what is its length ? 

9. What is meant hy the linear, the superficial and the volume 
coefficient of expansion with rise in temperature, and how are they 
related? If it takes a force of 20,000 Kilo^.-wt. per sq. cm. to 
praluce a one per cent, diminution of length in an iron bar, what 
force would you expect it to require to prevent a bar 8 cm. long, 
3 cm, wide, and 2 cm. deep from expanding lengthways when raisM 
500^0.? 

10. The graduations of a mercury thermometer between and 
100*0. are equidistant, and the boding point was market! when the 
bulb and the whole of the stem were at 100*0. Assuming the co- 
efficient of expansion of gloss to be negligible and that of mercury 
to be *00018, nnd what the reading of the thermometer would be if 
the parts below and a1)ove the 0“ mark wore at 100“ 0. and at 20*0. 
respectively, 

11. Describe and explain a method of comparing experimentally 
the expansions of other liquids with that of mercury. 

12. Describe how to use the weight thermometer for the measure- 
ment of temperature. 

13. A glass bulb with a uniform fine stem weighs 10 gm. when 
empty, 1 17’3 gm. when the bulboidy is full of mercury, and 1 19*7 gm. 
when a length of 10*4 cm. of the stem is also fillcxl with mercury ; 
calculate the relative coefficient of expansion for temperature of a 
liquid which, when placed in the same bulb, expands through the 
lengrii from 10*4 to 12*9 cm. of the stem when warmed from ^C. to 
28“ C. 

14. Describe how the coefficient of absolute expansion of mercury 
with rise of temperature may be found. 

15. Show how to determine the coefficient of expansion of a liquid 
by comparing the heights of two columns of the liquid at different 
temperatures. Explain the theory of the method. 
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16. Find the value in gm. -wt, and in dyn^, per sq. cm., of a 
pressure able to sustain a 50 centimetre column of mercury at 0®C. 
Find what pressure would be exerted by the same height of mercury 
at 100° C. if its density at O^C. is 13'6 gm. per c.c., and its mean co- 
efficient of expansion is ‘00018. 

17. Describe an experiment which proves that the density of 
water is greatest at about 4° C. 

The bulb of a thermometer is filled with water instead of mercury. 
Describe the behaviour of the instrument as the temperature is 
raised from just above the freezing point to just below the boiling 
I>oint. 

18. Describe some method by which the expansion of water has 
been studied. 

If 5 be the expansion of water between 4®C. and O^C., and a its 
expiuision between 4"C. and ^^C., show what is the density of water 
at l°C. referrerl to water at 0°. 

19. A vertical tube is placed with its lower end under mercury. 
The upper end is closed. When the barometer stands at 30 inches 
the mercury is at the same level inside and out, and the tube which 
contains air rises 60 inches above the mercury. 

What is the height of the barometer (to the nearest tenth of an 
inch) if, when at the same temperature, the mercury has risen one 
inch inside the tube, the level outside being maintained the same as 
l)efore ? 

20. Describe how to measure the relation between the pressure 
and volume of a mass of gas at constant temperature. If 310 c.c. 
of a gas at a pressure of 230 ram. of mercury are subjected to a 
pressure of 460 ram., what will be the resulting volume? 

21. The mercury in a barometer containing some air stood at a 
height of 70 cm. and the volume of the tube awve the mercury was 
20 c.c. The tube was then lowered into the mercury reservoir -until 
the volume above the mercury was 10 c.c., when the barometer 
indicated 65 cm. only. Calculate (1) the true barometric height and 
(2) what the reading of the barometer in question would be if its 
Lub«^ wei*e raised until the volume above the mercury became 100 o.o. 

22. State in words, and also in symbols, the two laws whioh, if a 
gas obeys, it is called a perfect gas, and explain clearly how the 
symbols represent the same laws as the words. 

23. State the laws oooneoting volume and pressure, and those 
connecting density and temperature, of a gas ; and explain how to 
calculate the effect on the density of a given ntasa of a gas of 
changing both its pressure and its temperature. 
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24. A sample of gas was found to have a volume of 100 o.o. at 
18” C. and 72 cm. of mercury pressure and a volume of 200 o.o. at 
90“ C. and 45 era. pivssura. Assuming that the gas obeys Boyle’s 
I^w and expands uniformly at constant pressure, oaloulate at what 
temperature it would have a volume of 400 o.o. at 100 cm. pressure. 


2r>. F’ind the iuiml)er of cuhio feet in a steel bottle to hold, at 120 
atmospheres pressure when the tem{)erature is 25* C., 20 cubic feet 
of oxygen measured at 0“ C. and 1 atmosphere pressure. 

26. Define tiie coefficient of increase of pressure of a gas. How 
would you find it experimentally ? Show that, if a gas obeys Boyle’s 
and Chivrles’s laws, this coefficient is equal to the coelticient of 
expansion. 


27. Describe experiments which show that in a perfect gas 


PV 

T 


has a constant value, where P, F, and T represent respectively 


the pressure, volume, and absolute temperature of a given mass of 
the gas. 


28. At the sea-level the barometer stands at 750 mm. and the 
temperature is 7^ C., while on the top of a mountain the barometer 
stands at 400 mm. and the temperature is - 13* C. ; comiMie the 
weights of a cubic metre of air in the two [)lace8. {The barometer 
readings are supposed corrected for temperature.) 

29. Explain how the apparent weight of a body in air varies with 
its rise of temperature. 

A piece of inm measuring 1000 o.o, is weighed at 0*C. and again 
at 100* C. What will l)e its apparent change in weight ? 

Coefficient of expansion of air = 0‘(XK167 

,, „ „ iron (linear) ... = 0‘000012 

Mass of 1000 c.o. of air at 0*C. and 700mm. 1'293 gm. 

Tlie pressure is supposed to be normal throughout. 

30. What is meant by a scale of temperature and on what does 
the definition of any particular scale dejwnd ? Explain carefully 
the consitmotion and mode of action of some form of constant pres- 
sure air thermometer. 


31. What is an air thermometer ? How is it oonstructed, and how 
is it used ? What means have we, besides the air thermometer, of 
measuring temperatures between 400* and 800* C. ? 

32. What IS meant by convection ? Explain the effect of oonvec- 
tion m prodticing regale atmospherio currents such as Trade winds. 

33. Explain Ihe formation of land and sea breezes and of the Trade 
winds. 



CHAPTER VIII. 


CAWRfMKTBY* SPECIFIC HEAT. 

86. Quantity of heat. We are already quite familiar in a 
general way with the idea of quantity of heat. A greater 
quantity of heat is required to heat a large mass of water 
from 0^0. to 100*^0. than to heat a small mass through 
the same range of temperature; a considerable quantity 
of heat is required to convert a pound of ice at 0® C. into 
water at 0® C. ; and a pound of steam in condensing gives 
out a large quantity of heat. Also a pound of coal in 
burning gives out a quantity of heat which varies with 
the quality of the coal ; the quantity of heat given out by 
a gas tlarae depends upon the quantity of gas used per 
second, and the completeness of its combustion; and the 
quantity of heat evolved in a chemical reaction varies with 
the nature of the reaction and the conditions under which 
it takes place. 

The meaning of the term “ quantity of heat ” used in 
this general way is well understood, but it is necessary for 
a further study of the subject to decide exactly how 
quantity of heat is to be measured or in what units it is 
to lie expressed. 

In this study of quantity of heat no assumption will be 
made as to the nature of heat. At one time heat was 
thought to be a weightless fluid. This fluid, to which 
was given the name co/onc, was able to flow from one body 
to a colder body. At present heat is considered to be 
energy, the energy of vibration and of position of the 
molecules of a body. For elementary students the fluid 
theory offers perhaps the best basis for tlie study of 
quantity of heat. 

* !», oo/or, heat; a measure. 
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87. Unit of heat. If quantity of heat is to be measured 
it is evidently essential to decide on a unit of measure- 
ment. An obviously convenient unit is the quantity of 
heat required to raise unit mass of some standard sub- 
stance through one degree. The unit generally adopted is 
of this type. 

Definition. The unit quantity of heat is the quantity of 
heat required to raise unit mass of water one degree at some 
standard temperature. If the mass is the gramme and the 
degree the degree Centigrade, this unit is called a calorie. 

Unless, however, we specify the tonq)erature we may not 
get a constant unit of heat, for it cannot be assumed that 
the same quantity of heat is required to raise one gramme 
of water U'C. wherever that degree may be on the scale of 
temperature; in fact, experiment proves that different 
quantities of heat are required. It remains then to choose 
some particular temperature. 

Another proposed unit of heat is theone-hundmlth part 
of the heat required to raise one gramme of water from 
the freezing point (O^C.) to the boiling point (lOO^^C.). 
This has b^n called the mean calorie. 

The standard temperature mentioned alxive has lieen 
chosen to be such that the viilue of the ciilorio at that 
temperature is exactly eciual to the mean calorie as defiiui«i 
above. This temperature is 17*5°C.* We are thus led to 
the following definition : — 

Definition. The unit of heat is the calorie, the calorie 
lieing defined as the quantity of heat required to raise 
one gramme of water from 17'^ C. to 18^ C., or as one- fifth 
of the quantity of heat required to raise one gramme of 
water from 15° C. to 20°C., or as one-hundredth of the 
iiuantity of heat required to raise one gramme of water 
fromO°C. toI00°C. 

The first alternative definition is useful, as in practical 
calorimetry a range of temperature of only 1° C. is rather 
small to work with, and a wider range of temperature is 
required. 

* If farther aooaraoy is required this might be given os 17'6* C. 
on the constant volume hydrogen thermometer at 1 metre initial 
pressure. 
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Although in accurate work it is thus necessary to define 
iJie calorie in terms of some standard temperature, yet the 
difference between the heat required to raise the tempera- 
ture of one gramme of water PC. measured at any part 
of the scale and the heat required to raise the temperature 
of one gramme of water from 17° C. to 18° 0. is so small 
that in ordinary practice it is quite sufficient to assume 
that they are alike, and to take the calorie as the heat 
required to raise the temperature of one gramme of water 
1° C. without any further reference to the part of the scale 
where this 1° C. is to be taken. 

The calorie is often called the gramme-degree. Other 
similar units to the calorie are the pound-degree (Centi- 
grade) and the pound-degree (Fahrenheit), which involve 
the pound as the unit of mass instead of the gramme, 
'rhese units are used chiefly by English-speaking engi- 
neers. 

It will be shown later that, as heat is a form of energy, 
it may be measured in energy units such as ergs or foot- 
pounds, and that a unit of heat may thus be defined 
^vithout reference to any substance or scale of tem- 
perature. 

Exp. 4S, Take 500 gm. of water at 0*C. in a thin glass beaker, 
nnd 50 gm. of water at 11*C. in another beaker. Mix the two 
(|uantitie8 of water in the first beaker and note the final tempera- 
ture. It w'ill bo found to bo approximately 1® C. 

Now, in this experiment the 500 gm. of water at 0®C. is raised to 
rC., and therefore gains 600 calories. If we assume that there 
has Wmi no loss or gain of heat in the mixture, this 500 calories of 
heat must have been given out by the 60 gm, of water at 11®C. in 
cooling to 1®C. That is, 50 gm. of water in cooling through the 
10 degrees between 11"C. and 1®C. gives out 500 Tories. This 
indicates that each gm. of water in cooling through each degree 
between 11®C. and FC. gives out one calorie. 

Further, if any two quantities of water at any tempera- 
tures between 1° C. and 100° C. be mixed, the final tempera- 
ture, given hy eseperiment, is always found to be nearly in 
accord with the assumption that one gramme of water in 
cooling through any one degree gives out one unit of heat. 
Hence it is usually assumed that one gramme of water in 
H. T. p. 10 
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heating or cooling through one degree of temperature gains 
or loses one unit of heat whei-ever the degree be taken 
between 0°C. and 100^ C. 

Ezampla 50 gm. of water at lO'^C. are mixed w'ith 100 gm. of 
water at 40^ C. Find the temperature of the mixture. 

Ijdt f C. denote the Hnal temperature of the mixture. 

Then the warm water cools from 40^0. to <°C., and loses 
100 {40 - 0 calories. 

Also the colder water is heated from 10“ C. to <“0., and gains 
.50 (/ - 10} calories. 

Now, if there be no loss or gain of heat for the mixture, the heat 
lost by the warmer water must l)e exactly' equal to that gained by 
the colder water, and we therefore, in this case, have 
100 (40 - /) = 50 {t - 10) or t = 30. 

That is, the final temperature is .30“ C. 

It must be noted here that in experiments of this kind 
it is very difficult to avoid serious errors. Tlie transfer of 
heat is not confined to the two quantities of water. The 
vessels containing the water take a part in the exchanges 
of beat, and there may be considerable loss or gain of heat 
due to radiation. It will be explained later 
how these errors may be to some extent 
avoided. 

88. The Calorimeter. A unit of lieat 
having been fixed, it remains to indicate 
how quantity of beat may be measured in 
terms of the selected unit. The apparatus 
used for the purpose of measuring quantity 
of heat is known as a Calorimeter. It 
consists essentially of a thin metal vessel 
(usually of copper, brass, or silver) partly 
filled with water and fitted with a stirrer 
and accurate thermometer. The vessel 
must be arranged so as to be protected as 
far as possible from loss or gain of external 
heat. Fig. 76 shows a convenient form of 

the apparatus. 

The calorimeter £, capable of containing, say, 300 
grammes of water, is suspended by three loops of cotton 





Fig. 76. 
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that catch on hooks inside a larger metal vessel F*, which 
protects it from loss or gain of heat by conduction. The 
outer surface of E and the inner surface of P are smooth 
and polished, or plated, to minimise the effect of radiation. 
The stirrer S is a ring of wire with a vertical branch carry* 
ing a small wooden or glass handle. The thermometer T, 
when in use, should have its bulb well immersed in the 
water. 

To prepare the calorimeter for the measurement of 
quantity of heat a convenient quantity of water is placed 
in E, and its mass determined by direct weighing. It is 
then well stirred and its temperature read just before the 
hot body is placed into it. 

Exp. 44. To measure with a calorimeter the quantity of heat 
given out by a hot piece of metal dropped into the water in the 
calorimeter, Prepare the caiorinieter as explained above and note 
the temperature of the water. Drop the piece of hot metal (heated, 
for example, by immersion in boiling water, or in a steam or air 
oven) into the water in the calorimeter without splashing, and 
note the final temperature attained when the exchange of heat is 
complete and the temperature of the mixture is uniform. 

Let, for example, the initial temperature be 10^ C. and the final 
temperature 11*6° C. I hen, if the mass of water in the calorimeter 
is 200 gm. the quantity of heat given out by the hot metal is that 
necessary to raise 200 gm . of water through 1 5 degrees of tempera 
ture. t'hat is, the quantity of heat given out is 200 x 1*5 « 300 
calories. This is evidently the heat given out by the metal in cool 
ing from its initial temperature to 11*5® C. 

If the mass of water is known and the change of tem- 
peratui'e accompanying any loss or gain of heat be observed, 
tlie quantity of heat lost or gain^ is easily determined. 
If the mass of water in the calorimeter is M grammes and 
a change of temperature of C. is observed, the quantity 
of heat gained or lost by the water in the calorimeter is 
M< calories. 

89. The “water equivalent'* of the calorimeter. In 
the explanations given in the preceding articles the quantity 

* Instead of using hooks, the space between the calorimeter and 
the outer vessel may be packed with dry ootton*wool or some other 
b^ conductor of heat. 
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of heat absorbed by the calorimeter, stirrer, and thermo- 
meter has been neglected. In Exp. 44, for example, the 
apparatus absorbs some of the heat given out by the piwe 
of metal, so that tlie total quantity of heat given out is the 
300 calories absorbed by the water and a certain unknown 
number of calories absorbed by the apparatus. If the 
appiiratus is of small mass this quantity of heat will be 
small, but it cannot usually be neglected. 

The simplest way of correcting for tins absorption of 
heat by the apparatus is to consider that the pn^sence of 
the apjmratus is equivalent to a small addition to the quan- 
tity of water in the calorimeter, and to determine the 
amount of this addition for any particular apparat\is by 
experiment. The mass to be added to the mass of water in 
the calorimeter as the equivalent of the apparatus in the 
absorption or evolution of heat is hiown as the water equi- 
valent of the calorimeter. 

Exp. 46. Determine the water eqniyalent for a calori- 
meter. Take the calorimeter and till it about one-third 
full with water, and note the mass of water Uken. Stir 
till the temperature is uniform. Note this teiiiporAtui*e 
and at once a<^ld a mass of water at a different teuqeral ure 
sufficient to about two-thirds fill the calorimeter. Stir 
until the temperature of the “mixture” is uniform, and 
note the final tempiu-ature. Then determine the mass of 
water added by finding the incimse in the mass of the 
calorimeter and contents. It is most convenient to take 
the water in the calorimeter at a temperature of 30*^ C. or 
40^ C. and te add to it water at the temperature of the room. 
From the data obtained in an experiment of this kind the 
water equivalent may lie calculate. 

Example. In an experiment like the atsjve the moss of water first 
taken was 100 gin. and its temperature 35* C. The moss of the 
water added was 110 gm. and its temperature 15‘d*’C. The final 
temperature of the “ mixture ” was 25*^ C. Find the water equiva- 
lent of the oalonmeter. 

Let X dmiote the water equivalent of the calorimeter, then 

the heat lost by the warm water and Uie apparatus in cooling from 
35^ 0. to 2fi^C. ia (100 -h x) lOoalories. 
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Also the heat gained by the cold water in being heated from 
15*5® 0. to 25® C. is 110 x 9'5 calories. Hence, if no heat is lost 
during the experiment we must have 

(100 + X) 10 = 1045. 

That is 10 ar = 45 or x = 4^ gm. approximately. 

90. Specific heat. If equal masses of different substances 
fake in (or give out) different qiuintities of heat when 
heated (or cooled) through the same range of temperature 
the substances are said to have different specific heats. 

Definition. The specific heat of any substance is the 
number of units of heat required to raise unit mass of 
that substince one degrt^e of temperature. 

Thus, if i^jjth of a calorie is required to raise one gramme 
of a substance 1° C. the specific heat of the substance is 

The specific heat of water is unity, for we have defined 
the unit of heat as the quantity of heat required to raise 
unit mass of water one degree. 

The following simple experiments show that the specific 
heats of different bodies vary considerably. 

Exp. 46. Take five small spheres of iron, copper, tin, 
lead, and bismuth, all of the same mass, and heat them to 
the same temperature in a bath of water, or better, linseed 
oil. Then remove them quickly, dry them with blotting- 
paper, and place them on 
a thick* ciike of wax (Fig. 

77). They will at once 
l)egin to give out heat to 
the wax, which will melt 
under them until they cool Fig. 77. 

down to the temperature at 

which the wax solidifies. Watch how far each one sinks 
(Fig. 77). Observe that the order is as follows: — iron, 
copper, tin, lead, and bismuth, the iron being in furthest. 
It is obvious that this is also the order of their specific 
heats. 

♦ If the cake is thin and some balls get through, no logical 
conclusion as to specific heat can be drawn from the fact that one 
ball gets through quicker than another. It is then a question of 
relative conductivity as well as specific heat 
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Exp. 47. Hetkt 200 gni. of thin sheet lead (loosely rolled) and 
200 gm. of water in the same beaker. Provide two other beakers 
containing equal quantities of water at the ordinary temperature, 
say 200 gra. at 15''0. in each. Put the hot lead into one of those 
beakers and the l»ot water into the other, and observe in each case 
tlie rise of temperature prwluce<l. The rise of temperature due to 
the hot water will be found to be nuioh greater than that duo to the 
hot lead. 

For example, if the water and lead were originally at 100® C. the 
final teiiipemture in the beaker to which the water is added would 
be found to be about 58' G., and in the beaker to which the lead is 
added it would be foimd to be only about 18“ C., that is tlie changes 
of temjjerature are resjHJctively 0. and 3® C. Therefore 2tX> gm. 
of water in cooling fiom 100^ C. to 58®C., i.e. through 42'’ G., give 
out about Ji/leen times the quantity of heat given out by the same 
mass of lead in cooling from 100^ G. to 18® G., i.e. through 82®G., or, 
roughly, twice 4'2®C. Hence a gm. of lead in ctsding through one 
degree gives out about om-thirttelh of the heat given out by a gm. 
of water in cooling through one degree. That is the specific heat of 
lead for heat is almut one-thirtieth that of water. 

Exp. 48. (a) Heat 200 gm. of iron wire to UX^ G. and “mix” it 
with 200 gm. of water at l(f C. 

(6) Mix 200 gm. of water at 200® C. with 100 gm. of iron at 10 G. 

From the results calculate the specific heat of iron. 

Note that when equal masses of different substances at 
different temperatures are mixed the changes of tem- 
{)erature produced are inversely proportional to the 8[>ecific 
heats of the substances. Thus in Exp. 48 (a) and (6) the 
clianges of temperature of the iron are nine times that 
of the water, indicating that the specific heat of iron is 
one-ninth that of water. 

Exp. 49. Mix 200 gm. of water at 10(f G. with 2<K) gm, of 
turpentine at the ordinary tcrapemture. Find the si>ecifao heat 
of turpentine from the relative changes of temperature which 
result. 

The mean specific heat of any substance for any range 
of temperature is the average value, for that range, of the 
number of units of heat re^fuired to raise unit mass of the 
substance through pne degree. 

Thus, if Q units of heat are required to raise unit mass 
of a substance from fi). to , then 
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mean specific heat of the substance between C. and C. 
Also ii 8 denote the specific heat of any substance the 
(juantity of heat required to raise m units of mass of the 
substance from f C. to t'^ C. is m s (^ — t) units. 

The specific heat of a substance at any temperature is 
the mean specific heat of tho substance for a very short 
range of temperature including the given temperature. 
For example, the specific heat of copper at 50*^ C. may be 
taken as the mean specific heat between 49° C. and 51° C. 
It is evident that the shorter the range taken the more 
exactly does the mean specific heat for the range give the 
specific heat at a definite temperature. 

The product of the mass of a body and its specific 
heat is sometimes called the thermal capacity of the 
body. 

Sometimes we require the specific heat of unit volume of 
a body. The mass of unit volume being the density of a 
body it follows that the specific heat of unit volume of a 
body is equal to the product of the specific heat of unit 
mass and the density. 

91. Experimental determination of the specific heat of a 
solid. A very rough determination of the specific heat of 
a solid may be made by the method of the following 
experiment. 

£zp. 50. Take a piece of brass tube about 100 grammes 
in mass and weigh it. Attach a piece of thread to it, and 
immerse it in boiling water so that it can be lifted out 
when re<iuired by means of the thread. Set up the 
calorimeter as described in Art. 88, and note the tempera* 
ture of the water in it. Then remove the brass from the 
boiling water, shake off the adhering water, and transfer it 
as rapidly as possible into the water in the calorimeter. 
Now stir the mixture and note the maximum temperature 
reached. 

Example. Suppose that the following were the numbers relating 
to such an experiment ; 

Mass of brass tube » 95*4 gm. Its initial temperature IQKfQ, 
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Mass of water in calorimeter = 200 gra. Water equivalent of 
calorimeter =« 4 gm,* 

InitiiU terawrature of water and calorimeter = 14'’C. Final 
temperature of water, calorimeter, and brass = 18“C. 

Then if a = mean specific heat of brass between 18“C. and 100'’ C., 
we have : 

Heat lost by the brass in cooling from 100® C. to 18“ C, 

= 95*4 X (100 — 18) X a calories, and 

Heat gained by the water amd calorimeter in rising from 14® C. 
tol8®a 

«= 204 X 4 calories. 

Then if there is no other loss or gain of heat we get the following 
equation : 

95*4 X 82 X a = 204 X 4 
whence a = '10. 

In this experiment the arrangements for heating the brass tube, 
and for its transfer to the calorimeter, are eviilently not satisfactory. 
The brass may carry water with it, and it may cool several degrees 
during the time of transfer. 

92. Heater for specific heat work. From what has been 
said it will be clear that for accurate deter- 
minations of specific heat a good form of 
heater is necessary. The following simple 
arrangement has been found useful for 
elementary laboratory work. A tin can 
about 6" long and 4" diameter (Pig. 78) 
is provided with a loose lid B, pierced by a 
large central hole and two or three smaller 
ones about J" diam. near the edge. A tin 
tube C about 5" long and 1 J" diameter is 
provided wdth a flange D, which when the 
tube bangs within the can rests on the 
lid B. 

Fig. 78. The substance to l)e heated should be 

broken into small piet^es.f A known mass 
of it is placed in the tube and heated by steam from a 

♦ The water eouivalent of a calorimeter i« equal to and is usually 
taken as the proauot of its mass (in gm.) and the spetufic heat of the 
material of whioh it is composed. The method of Exp. 46 docs not 
yield very aociirate results. 

f This is iiot necessary if it is a good oondnetor. 
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Bmall quantity of water kept boiling in the can. Place a 
thermometer with its bulb well in contact with the sub- 
stance, and plug the open end of 0 with a piece of cotton- 
wool. When this tenmerature is steady for at least five 
minutes the tube is lifted 
out by means of a pair of 
clips, and the substance 
rapidly transferred with- 
out splashing to the water 
in the calorimeter. The 
water is then stirred aii<l 
the maximum tempera- 
ture read. 

The form of heater in 
general use, however, is 
that shown in Fig. 79. 

This is usually made of 
copper and covered with 
thick felt. It consists of 
two concentric cylinders. 

A current of steam from 
a boiler is passed through 
the space between the 
cylinders. The interior 
of the inner cylinder is 
thus a steam oven and 
objects suspended in it 
can be lieated to nearly 
100*^0. The method of 
using this heater is suffi- 
ciently indiciited in the 
figure. 

Fig. 80 shows the form 
usually known as Reg- 
nault's calorimeter. Tiie Fig. 79. 

calorimeter in its shield- 
ing box slides along grooves cut in the base of the frame- 
work. While the b^y is heating in the steam-heater a 
sliding shutter prevents transference of heat from the 
heater to the calorimeter. When the body has reached 
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the temperature of the heater this sliding shutter is raised 
and the calorimeter is pushed below the heater. The bo<ly 
is then lowered into the water without splashing, the 
calorimeter quickly slid back into its original position, 
and the shutter lowered. The water is then slowly and 
cautiously stirred. Thu temperature rises at first quickly 



Fig. 80. 


and then more slowly, coming at length to a standstill, 
after which it gradually falls as the whole apparatus cools. 
It is Uiis maximum temperature that is read. 

93. CalcuUtieii of the spedfio heat. While the hot 
body is giiring out heat to the water, the calorimeter, 
thermometer, and stirrer ail reoeiye their share. Except 
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in very accurate work the water equivalent of the thermo- 
meter is neglected, and, as the calorimeter and stirrer are 
usually made of copper, the specific heat of which is 095 
their combined water equivalent is equal to '095 times 
their combined mass. The numl^r representing the water 
equivalent is then considered to represent the same number 
of grammes of water. 

Hence, to take a general case, if M gm. of a substance 
of specific heat S are heated to T°C. and dropped into 
wi gm. of water placed in a calorimeter of mass Wj (includ- 
ing the stirrer) and spt^cific heat Sj, all at temperature t, 
and if 6 denote the final temperature, we have 

Loss of heat by given substance = M S (T — 0) (1 ) 

Gain of heat— 

(1) By water ~ m x I X (6 - t) \ ^ 2 ) 

(2) By calorimeter and stirrer = mi x di X (6 — t)) 

Hence, assuming that no heat is lost to or received from 
the surroundings, the loss of heat by the hot substance 
must l)e equal to the gain of heat by the water, calorimeter, 
and stirrer. 

Therefore, equating (1) and (2), we have 

MS(T-^)=*m(<?-G t m,#, {6 - t) 

« (m + miSi){d - t), 

from which S can be calculated if all other quantities are 
known. 

Note.— This formula and the succeeding ones must be regarded 
merely os shorthand expressions for the various amounts of heat 
lost ancl gained by the various bodies. On no account must U»ey 
be learnt by heart Problems must be worked out as in the 
examples below. 

Example. Find the specific hecU of aluminium from the following 
dala (obtained in an actual experiment) ; — 

A lump of aluminium of mass 72*66 gm. was heated to 100’2*’G. 
and then dropped into 158*0 gm. of water at 10*7’’ C. oontained in a 
copper calorimeter provided with a copper stirrer, the combined 
mass of calorimeter and stirrer being 89*6 gin. The final tempera- 
ture was 18*4° C. (the air temperature was 14*’C.}. 
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Denote the speoitio heat of alaminium by S ; then loss of heat by 
aluminium 

- 72-66 X S X (100'2 - 18*4) calories (1) 

The water equivalent of calorimeter and stirrer ~ 89’6 X *095, or 

8-5 gm. ; 

equivalent total mass of water » 158 0 + 8*5, or 

166-5 gm. 

The heat gained by this ecjuivalent mass of water 

166’5 X 1 X (18*4 - 10-7) calories (2) 

Equating (1) and (2), we have 

72-66 X 8 X 81-8- 166-5 x 7*7; 

8 - -215. 

Exp. 51. Find the specific heat of bronze by the 
method of mi.\tures.* Take 4 or 5 halfpennies, bore lioles 
through them near their edge, and tie together by string. 
Heat as explained. They can be used as their own stirrer. 

Exp. 62. Find the specific heat of the following solids 
hy the method of mixtures : ♦ — iron nails (150 gm.), brass 
nails (150 gm.), lead shot (300 gm.), pieces of glass rod 
and tube (100 gm.), etc. 

94. Specific heat of a liquid. The specific heat of a 
liquid may also be found by the method of mixtures. Two 
modifications of the metiiod are in common use : — 

(a) Enclose the liquid in a thin vessel (metallic by 
preference) : raise it to a temperature T, drop it into 
water, and proceed as before. In calculation allowance 
must l>e made for the heat given out by the vessel. Thus, 
if M and S of the above relate to the contained liquid, w, 
and 8^ to the vessel, the other letters remaining the same, 
we have 

(MS + (T ~ * (to + 

from which S can be found if 8^ and s, are known. 

If the liquid is cheap and no chemical action occurs 
between it and the water it may be heated in a beaker and 
poured directly in the water. 

* Beveral determinatioiia of the apedfio heat ol eaoh auhetanoo 
thould be made tmtil there is approximate agreement in the results 
obtained. 
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(5) Place the liquid whose specihc heat is required in 
the calorimeter ; drop into it a known mass of solid of 
known specific heat and of known high temperature, and 
proceed as before. If, now, M, S, T relate to the solid, 
w, 8, t and m,, to the liquid and calorimeter re- 
spectively, we have 

MS (T ~ ^) = (mi 77ii«i) (0 - 0» 
whence s can be calculated. 

Example. 100 gm. of copper (sp. ht. -095) were heated to 100'’ C. 
and dn)pped into 200 gin. oi .tui peniino in a calorimeter (of water 
(‘([uivalent 4 gm.) at 1.5'0‘’C. The final temperature was 23'O^C. 
Find the specifio heat of turpentine. 

lAit a =3 mean specifio heat of turpentine between 15“ C. and 
23*0^0. We have 

100 X -095 X (100 - 23) = (200 x s + 4) (23 - 15), 


i * *44. 

Exp. 53. Find the specific heat of the following liquids 
by the method of mixture.s:* — Methylated spirit, petro- 
leum, alcohol, glycerine, etc. Adopt method (5) above 
and use iron (nails) as the solid, 

95. The cooling correction in calorimetric experiments. 
It will have been noticed that in all calculations from the 
data of a calorimetric experiment it has Ixien assumed 
that there is no loss or gain of heat by the ciilorimeter to 
or from its surroimdinga. In all actual exj)enment8, liow- 
ever, the calorimeter is subject t/O a small loss or gain of 
this kind. As already explained, the construction of the 
calorimeter is designed to reduce this loss or gain of heat 
to a minimum. But in all experiments it is desirable to 
make a correction for this source of error. In most ex- 
periments the calorimeter is hotter than its surroundings, 
and the error is due to cooling during the experiment. 

* Several determinations of the specifio heat of each substance 
should bo made until there is approximate agreement in the results 
obtained. 
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For this reason the correction is sometimes called the cool- 
ing correction, but the principle of Correction is the same 
whether it has to be applied on account of the loss or gain 
of heat during the experiment. 

One very simple way of making this correction is due to 
Eumford. The experiment is arranged so that the average 
temperature of tlie calorimeter during the experiment is 
the same as the temperature of its surroundings. When 
this is done the loss of heat while the calorimeter is hotter 
than its surroundings roughly compensates for the gain 
of beat when it is colder than its surroundings. It is 
obvious, however, that to arrange the experiment in this 
way it may be necessary to make one or two trial ex- 
periments. 

Example. Suppose that in a speciHo heat determination the tem> 
perature of the calorimeter surroundings is 14 C., and that in a 
trial experiment a rise of 4 degrees is obtained in the calorimeter. 
Then, in order to adjust for this method of correction, the initial 
temperature of the water in the calorimeter should be adjusted to 
12° C. The highest temperature reached will then be almut 16"C., 
and the mean temperature during the experiment about 14" C." 


96. Determination of specific heat by the method of 
cooling. This method is occasionally employed for the 
detennination of the specific heat of liquids. If a given 
mass of liquid, at a known temperature, be placed in a 
vessel and allowed to cool in an enclosure (or room) at 
a lower temperature than its own, then it is found by 
experiment (see Exp. 159) that the rate of loss of heat de- 
pends only upon — 

(1) The difference of temperature of the liquid and the 
enclosure (or room). 

* Even this is not quite correct, for on “^mixing” the rise of 
temperature with time is not uniform, but rises more quickly during 
the first half of the rise than during the second half. The method 
is therefore only approximate. A better method is to read the 
temperature of the water every quarter minute after the hot body 
is put into it until the water has passed its maximum temperature 
and is cooling. From the curve obtained a fairly accurate correction 
may be applied. Full details are, however, beyond an elementary 
book. 



CALORIMETRY. SPECIFIC HEAT. 159 

(2) The nature and extent of the surface at which cooling 
takes place (Ch. XIV.). 

The heat lost is therefore independent of the nature of 
the liquid, so that if different liquids are allowed to cool 
under exactly the same conditions (as defined in 1 and 2) 
they will lose lieat at the same rate.* This is the prin- 
ciple applied in the method or cooling. 

To determine, by this method, the specific heat of a given 
liquid, a known mass of the liquid at a temperature of 
about 60® C. is placed in a calorimeter provided with a 
thermometer. The calorimeter and the vessel surrounding 
it are covered by a lid with a small hole in it for the 
thermometer stem, and, in order to maintain the surround- 
ing temperature constant, the apparatus is placed in the 
interior of a double walled metal vessel, the space l)etween 
the walls containing water at the Uunperature of the room 
(see outer vessel of Fig. 121). The cooling, which now 
goes on slowly, is carefully watched, and the time of 
cooling through a given range of temperature, say, from 
50® C. to 40® C., is noted. 

The liquid is then removed from the calorimeter and 
replaced by an equal volume of water, of known mass, 
raised to about 60® C. The experiment is repeated, and the 
time of cooling through the same range (50® C. to 40® C.) 
is noted. We have now sufficient data for calculating the 
specific heat of the liquid. Let m l)e the mass of the liquid, 
and t its time of cooling from 50® C. to 40® C., mf the mass of 
the water, and t' its time of cooling from 50° C. to 40® C., 
also let w denote the water equivalent of the calorimeter, etc. 
Then, for heat lost during cooling of liquid we have, if s 
denote the specific heat of the liquid — 

Heat lost by liquid during timei = x 10. 

„ ,, „ calorimeter during time < ss «> x 10. 

. % Total loss « (m « + lo) 10, 

and raU of loss ^ - it - ! - ) , 


• The rate of fall of temperature will, of course, be different in 
each case. 
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Similarly, rate of loss of heat by water = 

(m' + w) 10 

( * 

But, by the experimental laws of cooling we I>ave — 

(m« + to) 10 _ (m' + to) 10 

, 

a relation from which we can calculate s. 

It is to be noted that the specific heat here determined is 
the mean specific heiit for a particular range of temperature 
(50° C. to 40° C. in this case) and is relative to the mean 
specific heat of water for the same range of temperature. 
I f the range of temperature is short, the method practically 
gives the specific heat at the average temperature of the 
range, relative to the specific heat of water at the same 
temperature. 


Exp. 64. Find the specific heat of petroleum oil by the 
method of cooling. As a calorimeter use a thin copper or 
iron canister coated with lampblack * on its outer surface. 
Out two holes in the lid for the thermometer and stirring 
rod. Support on a card Inward cross (Fig. 81) 
n inside a lx)x of cardboard or wood of aliout 
1 1 1 ft. each way, or a large metal canister whose 

inner surfat^e is coated with lampblack. This 
Ik)x prevents draughts, facilitate cooling, and 
supplies an enclosure of almost constant tem- 
perature. 

Weigh the calorimeter, two-thirds fill it 
with hot water, insert the thermometer and 
Jl n stirrer, place within the box, and observe the 
I \ * I time of cooling through 10° C. (say from 

' 60° C. to 50° C., 50° C. to 40°C„ 40° C. to 
Fig. 81. 30° C.). Then remove and weigh, thus get- 

ting m^ Heat a sufiicient quantity of petro- 
leum in a lar^ test-tube immersed in hot water. Avoid a 
fiame. Fill Hie calorimeter up to the same level as before 


* Instead of using lampbUok the oalorimeter may be vamiahed 
dead black. This varnish is made by mixing vegetable black with 
m^ylated spirits and adding a little shellac varnish. 
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with the hot petroleum. Note the times of cooling for the 
same ranges of temperature. When cold find the mass of 
the petroleum. Compare the results for the same ranges of 
temperature, and so calculate the specific heat of petroleum. 

Example. Determine the specif heat of petroleum from the f (Mow- 
ing experimental results : — 

Mass of calorimeter (of sp. ht. *1) = 44*6 ^m., mass of water 
= 124*1 gm., mass of petroleum 95*6 gm. Time of cooling from 
55® to 50^ was 410 sec. for water and 195 sec. for petroleum. 

124*1 + 4*5 _95*6s + 4*5. 

410 . 195 ’ 

128*6 X 195 = 410 X 95*6s + 410 X 4*6, 
whence s ** *69. 

Exp. 66. Find, by the method of cooling, the specific heat of 
alcohol, glycerine, castor oil, aniline, etc. 

97. Specific heat of gases. Regnault made careful de- 
terminations of the specific heat of various gases. The 
gas was collected into a reservoir, and then heat^ to a high 
temperature by passing it through a long spiral tube 
immersed in an oil bath. It then passed through a calori- 
meter where it was cooled to the temperature of the sur- 
rounding water, and then escaped into the air. The rise 
of temperature in the calorimeter was noted, and the mass 
of gas which had passed through was determined by the 
change of pressure in the reservoir. On equating the loss 
of lieat of the gas to the gain of heat of the calorimeter 
and the contained water the specific heat may be found as 
in the “ method of mixtures ” before. 

Since the temperature of the calorimeter gradually rises 
during the experiment, the first traces of gas experience a 
larger fall in temperature than the last traces, and hence, 
when calculating the loss of heat by the gas, the average 
fall in temperature must be multiplied by the mass of the 
gas. Thus, for example, if the temperature of the oil-bath 
is 200° C., and the original and final temperatures of the 
calorimeter are 10° C. and 20° C., the average fadl in tem- 
perature is , JQ , 

(200 - or isira 


H.T P. 


11 
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Regnault established the following results : — 

1. The specific heat of a gas at constant pressure is the 
same whatever that constant pressure maj be. 

2. All simple gases of similar molecular structure* have, 
at the same pressure, the same thermal capacity per unit 
volume. 

3. The specific heat is the same at all temperatures. 

The results only hold true for the nearly “perfect” 

gases. There is considerable departure from them in the 
case of gases which are far from perfect. 

It should be noticed that gases have two specific heats, 
according as they are heated at constant pressure and 
allowed to expand (sp^ific heat at constant pressure) or 
at constant volume without expansion (specific heat at 
constant volume). The specific heat at constant pressure 
is greater than the specific heat at constant volume, be- 
cause, not only has the temperature of the gas to be raised, 
but a quantity of heat, equivalent to the work done during 
the expansion against the external pressure, has to he 
supplied to the gas (see Art. 246). 

The specific heats of ffases at constant pressure have also been 
found by a continuous el^tnc method. A constant stream of gas 
was forced throimh a tube into a jacket where it was heated by an 
electric current flowing through a coil of platinum wire. The tem- 
peratures of the gas beiore and after passing through the jacket were 
measured accurately by platinum thermometers (Art. 38#), and 
from these, together with a knowledge of the heat supplied by the 
ejectrio current (Art. 348} and the rate of flow of the gas, the speoiflc 
heat could be calculated. 

The determination of the specific heat at constant 
volume will be described in Art. 166. 

98. Other method# of finding specifio heat#. Several 
other methods of determining specific heat, which depend 
upon a knowledge of latent heat, will be considered later. 

* The difference of the specific heats, per given volume, is the 
same for aiy>erfect, gases (Art. 245). The ratio of the specific heats 
is about 167 for a monatomic gas like helium or argon, and about 
1*4 for a diatomic one like hydrogen, oxygen, and nitrogen. The 
elemeataiy permanent gases used by Regnault were all diatomic. 



OALOBIMBTBT. SPECIFIC HEAT. 


168 


TABLE OF BPECinO HEATS. 


Solids. 

Lead *031 

Tin -05.5 

Brass ’094 

Copper •09,5 

Zino *096 

Iron *114 

Thermometer Glass ... *198 

Sulphur ’180 

Aluminium *214 

Ice (-78" C. to OP C.)... .‘474 


Liquids. 

Mercury *033 

Turpentine *426 

Glycerine *555 

Alcohol -620 

Oases (at constant pressure). 

Air *24 

Carbon dioxide *21 

Steam ‘48 

Hydrogen 3-41 


The specific heat of a substance depends upon the state— solid, 
liquid, or gas— of the substance. As a rule, the specific heat is 
greatest in the liquid state. (See table above for ice, water, and 
steam.) 


99. Properties of a typical thermometric substance. 

We are now in a position to consider this question more 
fully than in Ch. 11. Assuming that we wish to indicate 
change of temperature by change of volume, the chief 
properties necessary to constitute the substance a typical 
one are : — 

(1) Uniform expansion with increase of temperaiure* 

(2) A large coefficient of expansion ; that is, the increase 
of volume for 1° rise of temperature should be sufficiently 
large to be capable of accurate measurement. 

(8) Low thermal capacity per unit volume. When this 
is the case — together with (2) — the thermometer is very 
sensitive to loss or gain of heat. 

(4) Constant specific heat at aU temperatures. A sub- 
stance possessing this property would lose or gain equal 
quantities of heat for each degree chan^ of temperature. 
For most substances the specific heat increases with the 
temperature. 

(5) The range of temperaturet within which the above 
properties remain unchanged, should be as wide as possible. 

* This implies the existence of an absolute scale of temperature 
that does not depend upon the properties of any thermometrio 
substanoe. 
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(6) Its power of transmission of heatf either hy convection 
or conduction (see Chs. VII., XIII.) should he great. This 
insures rapid and uniform distribution of temperature 
throughout its substance. 

The only substance possessing the above properties in 
the required degree is air, or one of the gtises whicli 
closely follow Boyle’s law, and, for this reason, the air 
thermometer is the most perfect instrument of its kind. 
The properties of mercury, between 0° C. and 100° C.> very 
closely conform to those given above. 

When a gas is used (3) and (4) above apply much more 
to the bulb of the thermometer than to the gas inside, for 
the bulb has much the larger water equivalent. 

100. The specific heat of water. Regnault deduced 
from the results of a number of experiments made by him 
in 1847 that the mean specific heat of water between 
15° C. and 100° C. was between 1 007 and 1009 times the 
mean specific heat between 10° C. and 15° C. Him also 
experimented on the variation of the specific lieat of water 
with temperature and adopted the method of supplying 
equal quantities of heat to water at different temperatures 
and noting the rise of temperature produced. The heat 
was supplied by allowing a water thermometer with a very 
large bulb to cool in the water through the same fixed 
range of graduations in each experiment. Jamin and 
Amaury also adopted in 1870 a similar method, but sup- 
plied the heat by passing an electric current through a 
spiral of metallic wire immersed in the water. 

The general result of all these experiments was to indi- 
cate a gradual increase of specific heat with temperature. 
Formulae of the form 

8= 1-f + 

were deduced from the results obtained, but there was no 
satisfactory agreement in the values assigned to the con- 
stants a and b by the different experimenters. 

Howland’s experiments in 18/9 on the value of the 
mechanical equivdent of heat (Art. 246) led to an investi- 
gation by him of the variation of the specific heat of water 
with temperature. The method adopted was the method 
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of mixtures as used by Eegnault in the case of liquids, 
and the results probably give with some accuracy the true 
nature of the variation. Eowland found that the specific 
heat of water decreases to a minimum at about 30® U. and 
then increases. 

Bartoli and Stracciati published in 1891 the results of 
some experiments which confirm Rowland’s results and 
place the temperature of minimum specific heat at 20® C. 
Taking the specific heat at 15® C. as 1 they find the value 
at 0®C. to be about 1 007, at 20® C. *9995, and at 30° C. 
1 * 002 . 

Griffiths, in his electrical research on the value of the 
mechanical equivalent of heat in 1893, also investigated 
the variation of the specific heat of water and, taking the 
specific heat at 15® C. as unity, gives 1 — *00027 (0 - 15) 
as the specific heat at any temperature between 14® C. and 
26® C. The experiments were not extended beyond this 
range and do not give a temperature of minimum specific 
heat. Rowland’s results for the same range of tempera- 
ture can be expressed by 1 — *0004 (0 — 15), but the value 
of the constant is not very certain and differs materially 
from that given by Griffiths. 

Callendar and Barnes (1902) have also measured the 
variation of the specific heat of water from 0®C. to 100®C., 
the water being heated by an electric current. Taking the 
specific heat of water at 20® C. in 1*0000, they found that 
the specific heat at 0® C. was 1*0094, that as the tem- 
perature was raised it gradually dropped to a minimum 
value of *9982 at 40® C., was again 1*0000 at 60® C., and 
rose to 1*0074 at 100® C. 

The specific heat between 10® C. and 60® C. may be repre- 
sented by the formula 

S « *9982 + -OOOOCHS {t - 40)\ 

The specific heat of water is thus very nearly constant 
over ordinary calorimetrical ranges. 

101. Effeoti of the high speciflo heat of water. Owing 
to its great specific heat, water absorbs much more heat in 
warming, and gives out much more heat in cooling, than 
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an equal weight of almost any other substance. Hence 
the value of water in hot-water pipes, foot-warmers, 
etc. 

Now land is more easily heated or cooled than water, 
and also the prevailing temperature of an island is l>e- 
tween that which the land would have if the water were 
absent and that which the water would have if the land 
were absent. Thus in summer, when the sun is above the 
horizon for a considerable time, the temperature of an 
island is lower than that of a continent; and in the 
winter, when the sun is above the horizon for a short time 
only, the temperature of an island is higher than that of 
the continent, i.e, the climate of an island is much more 
equable than that of continental countries in the same 
latitude (see also Art. 219). 

102. The total quantity of heat possessed by a body. 

It should be noticed that in all calorimetric experiments 
we have to deal only with the quantities of heat which a 
body gains or loses, not with the total quantity of heat 
which a body possesses. For example, 100 grammes of 
copper in cooling from 100*^ C. to 20° C. lose about 80 units 
of heat, or in heating from 20° C. to 100° C. gain 80 units, 
but the total quantity of heat possessed by 100 grammes of 
copper at, say, 20° C. is a quantity which cannot be deter- 
mined, for we do not know at what temperature copper 
may be said to have lost ail its heat, neither do we know 
the average value of the specific heat of copper down to 
that temperature. 

103. Atomic heats. In 1818, as the result of a series 
of researches, Dulong and Petit established the law that 
the specific heat of any element in the soli4 state is inversely 
proportional to its atomic weight. This important general- 
isation may be stated in an equivalent form by saying that 
the product of the specific heat of an element into its 
atomic weight is consent, the value of the constant being 
about 6'4. This product is known os the Atomic Heat of 
an element. Since, then, the thermal capacity of the 
atomic weight in grammes of any element is constant, and 
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since quantities e^uai to the atomic weights in grammes of 
any of the elements contain the same number of atoms, it 
follows that the atoms of the elements in the solid state 
have the same capacity for heat. 

TABLE OF ATOMIC HEATS. 



Aiomio 

Weight. 

Speoiflo 

Heat. 

Atomio 

Heat 

Aluminium 

27 

•2U 

5*8 

Sulphur 

32 

•178 

5-7 

Iron 

56 

•114 

6-4 

Copper 

63 

•095 

6-0 

Zinc 

65 

•094 

60 

Tin 

118 

•055 

6-5 

Iodine 

126 

•054 

6*8 

Gold 

197 

•032 

6-4 

Lead 

206 

•031 

6-4 

Unmium 

230 

•028 

6-7 


It is to bo noted that the values for the atomic heat 
are not very constant, fluctuating from 5*7 to 6 8. This, 
however, is only to be expected, for the specific heat of a 
substance is a fairly complex quantity, the heat supplied 
going not only to raise its temperature, that is, to increase 
the vibratory movements of its molecules, but also to 
supply the energy necessary for forcing the molecules to 
greater distances apart, and, in the case of some substances 
(e.g, iron), to supply part of the latent heat of fusion, 
which, in those bodies that pass through a viscous con- 
dition, begins to be absorbed at temperatures which are 
far below the temperature which is usually taken as the 
melting point. 

Moreover, in making comparisons, the specific heats 
should, as far as possible, be taken under similar conditions 
for the different Wies compared, and when, in making the 
comparison, we utilise the specific heats taW at ordmary 
temjMratures of, say, lead and iron, lead having a M. 
of 3^7^ C. and iron a M. Ft. of 1500*^ 0., this condition can 
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hardly be said to be fulfilled. So that, all things considered, 
the agreement is as close as can be expected. 

The elements carbon, silicon, and boron were long considered 
to be exceptions to this generalisation, their atomic heats being I'S, 
3'8, and 2'7 respectively, until Weber, thinking that the specific 
heats of these l^ies had not been determined under proper con- 
ditions, instituted a research into the variation with temperature of 
the specific heat of each of them, and found that as the temperature 
was raised the specific heat in every case approached a limiting 
value, which gave for the atomic heat a sufficiently close approxi- 
mation to the mean value 6 ‘4. The various researches on the atomic 
weight of beryllium show that the specific heat of this metal also 
increases with rise of temperature to a limiting value, and funiish 
an interesting illustration of the importance of this fact in any 
application of the law of atomic heat to the determination of atomic 
weight. 

It is interesting to note that the specific heat of solid 
hydrogen has lately been directly determined, and has been 
found to be equal to 6, which is about the value necessitated 
by Dulong and Petit’s law. 

Example. The atomic weight of uranium has been shown by 
chemical analysis of the chloride of uranium to be some multiple of 
60. The specific heat of uranium is 0 028. What is the atomic 
weight ? 

Taking 60, 120, 180, 240 as possible values of the atomic weights 
we find tee atomic heats to be 1'68, 3 36, 6*04, 6*72. It is evident 
that 240 is the correct atomic weight. 

104. Moleoular heat. Neumann, and, later, H. Eopp, 
Begnault, and Woestyn extended these observations to 
compound molecules, for, calling the product of the specific 
heat into the molecular weight the molecular heat, they 
showed that in many cases the molecular heat of a compound 
was the sum of the atomic heats of its constituent atoms. 
This gives us a means of finding the speoific heats of ele- 
ments in the solid state which cannot readily be determined 
directly. Thus, if we know the molecular heat of potassium 
chloride, and subtract therefrom the atomic heat of potas- 
sium, we obtain the atomic heat of chlorine. Dividing this 
by the atomic weight of chlorine, we obtain the speoifio 
heat of chlorine in the solid state. 
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EXERCISES VIIL 

1. What 18 meant by unit of heat ? If the speoifio heat of iron is 

and 1 lb. of iron is cooled down from the temperature of boiling 

water to the temperature of melting ice, how many units of heat are 
evolved ? 

2. Ten gra. of water at 98'0®C. are poured into a copper vessel 
weighing 25 gm. and containing 100 jm. of water at 6*0® 0. Find 
the final temperature of the mixture. Specific heat of copper =* 0*092. 

3. In order to determine the specific heat of silver, a piece of the 
metal, weighing 21 gm., is heated to 98® C. and then dropped into a 
calorimeter containing 100 gm. of water at 10® C. The final tem- 
perature of the mixture is ITO. ; find the specific heat of silver. 
The water equivalent of the calorimetric apparatus is 3*6 gm. 

4. Ten m. of common salt at 91® C. having been immersed in 
125 gra. of oil of turpentine* at 13° C., the temperature of the 
mixture was 16® C. Find, from these data, the specific heat of com- 
mon salt, supposing no loss or gain of heat to have taken place from 
without and toking the specific heat of oil of turpentine as 0'428. 

5. A ma.s8 of 200 gm. of copper, whose specific heat is 0*096, is 
heatcxi to 100 0°C., and placea in 100 gm. of alcohol at 8*0® C., con- 
tained in a copper calorimeter, whose mass is 25 gra., and the tem- 
perature rises to 28*5® 0. Find the specific heat or the alcohol. 

6. The following data were obtained in an experiment for the 
determination of the water equivalent of a given calorimetric 
apparatus. 

Weight of apparatus 45*623 gm. 

„ „ ,, 4* water .... 224*683 „ 

Initial temperature of apparatus and water . . 9*0® C. 

Temperature of hot water 78*0® C. 

Final temperature 13*2® C. 

Weight of apparatus after addition of hot water . 236*493 gm. 

[Note. — These data are given in the order of their determination 
in an actual experiment.] 

7. A ball of platinum, whose mass is 200 gm., is removed from a 
furnace and immersed in 150 gm. of water at (f 0. If we suppose 
the water to gain all the beat which the platinum loses, and if the 
temperature of the water rises to 30® C., what is the temperature^of 
the turnace ? Specific heat of platinum is 0*031 . 

[This example indicates a method of measuring very high tem- 
peratures.] 


* Water could not be used in this case, as common salt is solable 
in water. This point should be noticed. 
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8. Batominc the ipaoifio ImiI of branie from the frmoviflig date 
ohtinied from an experiment with four halfpeniues 

Weight of broiiee 21-30 gm. 

calorimeter (copper, sp. ht. » *005) . 52 97 gm. 

,, water in calorimeter .... lOS'TSgn. 
Initial temperature of the bronze .... 90-6® C. 

„ „ water and calorimeter . . 17 0® C. 

Final „ mixture .... 18*5® 0. 


9. Determine the speoifio heat of alcohol from the following 
data 


Weight of copper calorimeter , 

„ „ „ -f- alcohol 

„ „ dropp^ into calorimeter . 

Initial temperature oi calorimeter and alcohol 
„ „ copper 

Final „ mixture 


20-4 gm. 
70-6 „ 
10-5 „ 

io-(ro. 

98 0“C. 
12-6® C. 


10. Begnault found that 100*5 units of heat were required to raise 
the temperature of unit mass of water from (fC. to lOO’C., and 
203*2 units to raise its ten^rature to 200® C. Find the mean specific 
heat of water between 0 ® ( 3 . and 100 ° C., between 100 ° C. and 200° C., 
and between 0® C. and 20(f C. 


11. 9 pn. of hydrogen at (f C. were first heated to 210® C. and then 
passed through a calorimeter whose water equivalent was 5 gm., 
and which contained 500 gm. of water. Its temperature was initially 
10 0° C. and finally 22® C., and it was estimated that 36 calories were 
lost by cooling during the passage of the gas. Find the specific heat 
of hydrogen. 

12. In a determination of the specific heat of turpentine by the 
method of cooling, the weight of the calorimeter (copper) = 38 Ogm.; 
its weight containing the turpentine — 87’4 gm., and containing 
water = 94*7 gm. The times of cooling for the sucoeFsive 5°tA 
from 70^0. to 65^ C. were 80, 92, and 105 secs, with the turpentine 
and 179, 201, and 233 secs, with the water. Specific heat of copper 
is ‘095. Find the mean specific heat of turpentine. 

13. Equal volumes of two liquids A and B are mixed. Find the 
final temperature. 

Specific gravity of A » 1*8 ; of B » *56. 

Specific heat of A » 0*3 ; of B p 0*6. 

Temperature of A = 6(f C. ; of B =» 40*C. 

U. The specific heat of iron is *114. What is its approximate 
atomic weigotr 
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THE LOWER CHANGE OF STATE. 

Liquefaction and Solidification. 

105. Liquefaction and Solidiflcation. In Art. 9 atten- 
tion was called to the fact that most bodies may exist in 
three states— solid, liquid, and gas— the application or 
withdrawal of heat being all that was necessary to change 
a body’s state. 

These changes of state take place under the influence of 
heat in all elementary substances, but the temperatures of 
liquefaction and vaporisation for different substances are 
widely different, and in some substances our means of 
producing heat and cold are too limited to effect the 
changes. Tims, iron melts at a very high temperature, 
platinum at a still higher, and although carbon has been 
somewhat softened it has not been tWoughly liquefied. 
On the other hand, many gases condense only at very low 
temperatures and solidify at temperatures much lower, and 
it is only in recent years that the so-called permanent gases, 
oxygen, hydro^n, nitrogen, air, helium, etc., have been 
liquefied, and, in some cases, solidified. 

Although our range of observation is thus somewhat 
limited by our means of producing heat and cold, yet we 
have sufficient, and continually increasing evidence that 
evei^ elementary substance exists in three states— the solid, 
liquid, and ga^us, though the range of temperature 
oorresponding to any p^icular state is very different for 
different substances. When we speak of a substance as a 
171 
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solid, liquid, or gas we refer to its condition at ordinary 
temperatures. 

Tnis chapter deals solely with the change from solid to 
liquid, and its reverse, the change from liquid to solid. 
When a solid substance changes, on heating, from the solid 
state to the liquid state the process of change is known as 
liquefaction or fusion or melting. On the other hand, when 
a liquid substance, on cooling, changes from the liquid 
state to the solid state the process of change is known as 
solidification or freezing. 

106. Temperature and change of state. The object of 
the following experiments is to determine whether or not, 
during change of physical state, there is any change of 
temperature. 

ISxp. 66. Fill a large beaker with amall pieces of ice or ice shavings 
•ijid insert a thermometer. The temperature is 0® C. As the ice is 
heated and stirred so as to secure uniformity of temperature the 
thermometer shows no change until the whole of the ice is melted. 
That is, during the change from a solid— ice— to a liquid— water — 
there is no change of temperature until the change is complete, and 
during the change the water and ice are at the same temiierature. 
If this experiment be repeated a number of times it will be found 
that the change always takes place at the same temperature. The 
constant temperature at which this change of state, from the solid 
to the liquid, takes place is known as the melting point of the solid 
or the freezing poirU of the liquid. 

This experiment indicates an important law of liquefac- 
tion. The law may be stated as follows: — During the 
liquefaction of a suhftance the temperature remains con- 
stant at a fixed temperature, which is different for 
different substances. This temperature for any substance 
is known as the melting point of that substance. 

If after a solid mass is melted the heating is still con- 
tinued the temperature of the liquid rises in the usual way. 
Also if the liquid is cooled until the substance assumes the 
solid state the temperature changes during cooling and 
solidification will be found to be an exact reversal of the 
changes observed during heating and liquefaction. That 
is> the temperature falla until solidification begins, then 
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remains constant at a fixed point until solidification is com- 
plete, and then falls in the ordinary way. Also the constant 
temperature of solidification is observ^ to be exactly the 
same as the constant temperature of liquefaction. This 
temperature for any substance is sometimes called the 
freezing point for that substance. The freezing point is 
identical with the melting point. 

107. Change of yolome during change of state. The 
object of the following experiments is to determine if the 
volume of a given mass of a substance changes with change 
of state. 

Exp. 57. Fill a glass bulb with water and seal up the bulb 
with the blowpipe. Place the bulb in a freezing mixture 
(Art. 118), so that the water in the bulb freezes. It will be 
found that the bulb or shell is burst open, thus showing 
that the ice formed is appreciably greater in volume than 
the water. In this case, therefore, there is an increase of 
volume in changing from the liquid to the solid state. 

Exp. 58. Melt some paraffin wax and pour it into a 
beaker. When it solidifies the surface will show a con- 
siderable depression, indicating that the volume of the solid 
wax is appreciably less than that of the liquid wax. In 
this case, then, there is a decrease of volume in clianging 
from the liquid to the solid state. 

The results of Exps. 57 and 58 show that a change in 
volume accompanies change of state from solid to liquid, 
but that for some substances it is an increase of volume, 
while for others it is a decrease of volume. 

Further experiments with the water-ice change ; — 

Exp. 59. Takes jpioco of ordinary “compo” tubing, fill it with 
water and close both ends securely. When exposed to a low enough 
temperature the water freezes and bursts the pipe. 

Exp. 60. Nearly fill a 4-oz. fiosk witli ice broken up small, and 
odd water to fill the interstices of the ice. Mark the water level 
near the top of the neck by an elastic band. Then melt the ice by 
gentle heat, and note the gradual fall of the water level. 
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108. Change of Tolume in melting. As a general rale, 
bodies expnd in the act of melting and contract on solidifi- 
cation. In the case of phosphorus this expansion on fusion 
amounts to 8*4 per cent., sulphur 5 per cent., and stearic 
acid 11 per cent. This accounts for the fact that when any 
of these substances are cast in glass tubes they contract 
away from the glass and easily fall out when solid. 

But a few substances, such as water, cast iron, bismuth, 
contract in melting and expand in solidifying. 

100. The expansion of water in freezing amounts ve^ 
nearly to 9 per cent,, so that 11 volumes of water at P C. 
become about 12 volumes of ice at the same temperature. 
Consequently ice floats in pure water with about of its 
volume above the surface. If the water is confined, it 
exerts great force by its expansion on freezing, and thus in 
the CLct of freezing bursts water bottles and pipes. In the 
case of pipes the damage does not, however, become 
apparent until a thaw melts the plug of ice that has l)een 
forced into the rent, and so allows the water to eecaj>e. * 

Much damage is done to brick and stone work by similar 
means. Bain or moisture from the earth penetrates the 
bricks, and on freezing forces the particles asunder. Then, 
after a thaw, the face of the wall shows evident signs of 
the destruction. On the other hand, the action of frost 
benefits the farmer by breaking down the rough clods left 
by the plough into a fine seed bed. Indeed, the origin of 
the soil from the subjacent rock is largely due to long con- 
tinued action of this kind. 

If a small cast-iron bottle, with sides half an inch or 
more in thickness, is filled with water and tightly closed 
by a screw and then placed in a freezing mixture of ice and 
salt (§ 118), the bottle will burst asunder as soon as the 
water freezes. 

* A oirote is the plane figure which for a given perimeter has the 
maximum mrea. If therefore a pipe of elliptical cross section is sub- 
jected to intenial pressure it may accommodate itself to the pressure 
faltering its shape of cross section to circular. For this reason 
mfessor Boys has suggested that exposed water pipes should be 
elliptioal in SMtioa. 
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If water contracted on freezing, the ice as it formed 
would sink to the bottom, exposing a fresh layer of water 
to the cold air ; thus a spell of cold weather would convert 
our rivers, lakes, and pools into blocks of solid ice, 

A lump of cast iron floats on the liquid metal just as 
ice does on water, and an iron casting owes its sharpness 
to the expansion which takes place in solidifying, and 
which forces the metal into intimate contact with every 
part of the mould. A casting in copper or silver is 
much less sharp, because these metals contract on solidi- 
flcation. 

110. The viscous state during fusion. In studying the 
change from the solid to the liquid state, it is of interest to 
determine whether the change takes place abruptly or 
gradually. 

Exp. 61. Melt some lead in an iron ladle and note that the change 
from tlie solid to the liquid state is apparently quite sharp and 
abrupt. 

Exp. 62. Molt some pitch or sealing-wax in a porcelain crucible 
and note that the change from solid to liquid is gradual and that 
the substance passes through an intermediate viscoiis state. 

Exp. 68. Heat a piece of glass tubing in the blowpipe flame. The 
glass (quickly softens and assumes a viscous state. If further heated 
under proper conditions it would melt to a clear mobile liquid. 

A number of substances, solid at ordinary temperatures, 
such as glass, iron, etc., behave in this way when melting. 
Similarly, a number of substances, liquid at ordinary 
temperatures, such as glycerine, acetic acid, and some other 
organic acids and oils, pass through an intermediate 
viscous state in passing from the liquid to the solid state. 
For these substances the melting point, that is the tem- 
perature at which melting takes place, is indeflnite, for 
the process really extends over a range of temprature 
which varies with the substance. For other substances 
for which the change of state is sharply deflned, the 
melting point is fixed and definite and characteristic of 
the suwtance. 
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111. Determination of the melting point of a substance. 

The methods of determining the melting point of a given 
substance depend on the nature of the substance — for 
example, the determination of the melting points of 
mercury and glass would require somewhat different 
methods, both bk'ause the temperatures are widely different 
and because the nature of the change of state is different 
in the two cases. We shall describe methods which are 
applicable where the melting point is definite and lies 
between 0° C. and 100° C., and for convenience of descrip* 
tion we shall assume the substance under treatment is 
paraffin wax, which melts at about 62° C. 

Exp. 61 Melt some wax in an eva^rating dish and dip the bulb 
of the thermometer in. When the indicated temperature is about 
6(f C. remove the thermometer and hold the bulb in the air. At first 
the bulb is covered with a thin transparent layer of melted wax ; as 
it cools a point arrives at which the wax solidifies, giving the bulb 
a frosted appearance. At once read the temperature. Inis is the 
melting point. 

Repeat several times, removing the thermometer from the liquid 
at temperatures nearer and nearer the melting point. 

Exp. 66. Extend Exp. 64 by placing a beaker of water over a 
Bunsen burner, and after each solidification stir the water gently 
with the thermometer and light the burner. Note the temperature 
at which the film becomes transiiarent. The mean of the two read- 
ing gives the melting point. 

The following results were observed in such an experiment - 


Film becomes 

Film becomes 


fro8te<l on 

transparent on 

Mean. 

cooling. 

heating. 


52^0. ... 

62 3®C 

62’2“a 

62*l°a ... 

... fi2-6“a 

52%ra 


. *. Melting point 

« 62 * 2 ° a 


Exp. 66. Heat some ^ cm. bore glass tubing in the 
blowpipe flame and pull it out to form capillary tubing of 
about i mm. diam. and with very thin walls. Bn^ak it up 
into iQcm, Melt some wax in a dish and sack 

up about 5 cm. of wax into the capillary tubes. 'Now seid 
lower ends of the tubes. Attach such a tube by an 
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indiarubber band to the bulb and lower part of the 
thermometer as in Fig. 82, and mount the thermometer so 
that the bulb and tube dip into a large beaker of water 
with the top of the wax just below the surface. 

Glently heat the water, stirring it all the time. 

At a certain stage the opaque solid will sud- 
denly change to a transparent liquid ; note the 
temj^rature. It is the approximate melting 
point. Now remove the burner and, keeping the 
stirrer going, observe the temperature when the 
wax becomes opaque U.e. solidifies). The mean 
of the two readings should give a result some- 
where near the truth. Eepeat the heating and 82. 
cooling two or three times, the temperatures 
not being allowed to depart more than 5® from the melt- 
ing point, and the changes in temperature being more 
gmdual. 

The following results were obtained in such an experi- 
ment ; — 



Temp, rising. 
Molting 
ooours at — 
53-5°C. 
53-5“ C. 


Solidification Mean, 

occurs at — 

52-3®0. 52^0. 

516®C. 52^0. 

Melting point =* 52*7®C. 


The results from this method are not very good, because 
melting and solidifying are sometimes delayed in a very 
narrow tube. 

Find if it is necessair to allow for stem exposure of the 
thermometer (see Art 4). 

By using paraffin wax, or glycerine, or sulphuric acid in 
a suitable bath the method of Exp. 66 may be extended to 
temperatures much higher than 100® C. 

Method of tlooling. When a substance is m^ted and 
allowed to cool the temperature falls gradually until the 
freezing point is reachea. At this point the temperature 
remains steady until all has solidifiea. After this the tem- 
perature once more falls. 

H.T.P. IS 
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Exp. 67. Place the wax in a small copper calorimeter 
or copper tube, melt it and introduce a thermometer into 
the hquid. Then place the tube inside a beaker ♦ to pro- 
tect it from air currents, and observe the temperature at 
regular intervals (say every quarter of a minute) as the 



Axis of time (each small division represents a quarter of a minuto). 
Pig. 83. 


wax cools. Plot a curve (Fig. 83) in which times are 
abscissae and temperatures are ordinateii. The tempera- 
ture at which the curve runs most nearly parallel to the 
axis of time is the melting point. Fig. 83 represents a 
curve drawn from an actual experiment with paraffin wax. 

* Tht apparatuf oSed in the determination of speoifio heats by the 
method of cooling is very suitable for this experiment 
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From it the melting point is seen to be 52*5^0. This 
method is the most reliable one when it can be used. If 
the substance is not pure there may be more than one 
melting point and the curve may run nearly parallel to the 
axis of time at two or more places.* 

112. Melting point of metals and alloys. % using 
suitable baths and thermometers the methods of Exps. 66 
and 67 may be extended to temperatures much higher than 
100° C. If Exp. 67 is adopted a quick acting thermometer 
is required and metallic electrical instruments (thermo- 
couples or resistance thermometers, Arts. 265, 266) are 
then usually employed. 

When alloys are melted and allowed to cool the curve 
obtained often shows more than one horizontal position. 
Each of these marks the melting point of one of the 
metallic constituents, or of a stable alloy formed between 
two of them. 

Some alloys melt at a much lower temperature than 
their constituents melt. Thus Wood’s fusible alloy, com- 

r >8ed of bismuth 4 parts, lead 2 parts, tin 1 part, cadmium 
part, melts at 65° 0., and an alloy of two parts of sodium 
to one of potassium is liquid at ordinary temperatures. 


TABLE OF MELTINO POINTS. 


Platinum 

1710° C. 

Pure iron 

1500® C. 

Copper 

1083® C. 

Gold 

1082® C. 

Silver 

961® C. 

Aluminium 

657® C. 

Zinc 


Lead... 

327' 0. 

Cadmium 

321® 0. 

Bismuth 

26rC. 

Tin 

232®C. 

Sodium 

90® 0. 

Mei-oury 

-39®C. 


Potossium sulphate 1070® 0. 


Borax lf>00®C. 

Common salt 800° C. 

Anthracene 2^® 0. 

Tartaric acid 167® 0. 

Cane Sugar 161° 0. 

Sulphur 115® C. 

Naphthalene 80° 0. 

White wax 68* 0. 

ParaflBn wax 54® 0. 

Phosphorus 44° C. 

Benzene 6® C. 

Ice 0®O. 


* Paraffin wax is not as suitable for this experiment as, say, naph- 
thalene (m.p. 80° 0.) owing to the faot that paraffin wax is really a 
mixture and has not a very definite melting point Naphthalene is 
sold very cheaply in the form of balls to keep away motns. 
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113. A meldometer is au instrument which measures 
temperature by means of melting points. Thus, if a 
porcelain plate cari 7 ing lumps of lead and cadmium was 
put into a furnace for some time and the lead did not 
melt while the cadmium did, it would follow that the 
temperature of the furnace was between 327® C. and 
32FC. 

114. Influence of pressure on the melting point. The 

influence of pressure on the melting point of a substance 
may be deduced from theoretical considerations, and was 
first stated by Professor James Thomson. The nature of 
this influence is as follows : — 

(а) If a substance contrads in melting, as in the case of 
ice, increase of pressure causes a lowering of the melting 
point of the substance. 

(б) If a substance expands in meUina, as in the case of 
wax, increase of pressure causes a rise of the melting point 
of the substance. 

James Thomson calculated that, in the case of ice, the 
melting point is lowered by about *0073^0. for one 
atmosphere increase of pressure. This was experimentally 
confirmed by his brother, Lord Kelvin. 

In the case of ice, which we have seen belongs to the 
former class of substances, we can illustrate the influence 
of pressure experimentally. 

Exp. 68. Perform Paraday’s experiment on regelation. 
Take two pieces of ice and press them together for a few 
seconds; on relieving the pressure the two pieces are 
found frozen together at the rerion of contact. The pres- 
sure enabled a thin layer of Wie ice to melt by lowering 
the melting point; on relieving the pressure the water 
thus form^ immediately froze again. Tfiis phenomenon 
is known as regelation. 

This experiment may even be performed in warm water. 

The same process takes place when a handful of snow is 
squeezed in maiang a snowball. The outer layer becomes 
a idiell of ice. wheel-ruts over snow are coated 

with ice: the snow is liquefied as the wheels pass over it^ 
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and the water thus formed freezes when the pressure is 
removed. The same process occurs in skating. It has 
been supposed that the water produced by the melting of 
the ice acts as a lubricant, for very cold ice is by no means 
so slippery as ice just below 0® C. 

The following experiment illustrates the same process: — 

Exp. 69. Psrform Bottomley's ezperixnsnt (a cold room is neces* 
sary). Rest a solid block of ice, about as big and of the same 
shape as a grocer’s block of common salt, on two supports and pass 
a loop of wire round the block between the supports, attach a heavy 
weight, 10 kilos, to the loop underneath. The wire gradually cuts 
its way through the ice, leaving, however, tiie block quite solid. 

Immediately beneath the wire pressure liquefies the ice; the 
water thus formed makes its way to a position just above the wire 
and freezes there. 

It is to be noticed that since the ice melting beneath the wire 
absorbs heat on melting and the water above gives out heat in 
freezing, the process is helped by having a wii*e which conducts 
heat easily ; the heat liberated above is then conducted through 
the wire to assist in melting the ice below. For instance, it will 
be found that a copper wire works through more 
quickly than a steel wire. 

Regelation is an important factor in deter- 
mining the flow of glaciers. At all points 
where large stresses are set up in the glacier 
the ice melts, and freezes agam as the stress 
is relieved. In this way stresses in the mass 
of the glacier are relieved as they arise and 
the motion of the glacier is facilitated. 

Bunsen studied the effect of change of 
pressure on the melting points of many sub- 
stances, such as wax and sulphur, which ex- 
pand on melting. He used tubes as shown 
in Fig. 84. The main body of the tube is 
full of mercury. A little of the substance is 
placed at £ in the short limb, and the long 
limb, A B, which is sealed at the top, contains 
air and serves as a pressure gauge. The tube Fig. 84. 
was lowered into water and the water gradu- 
ally heated. The mercury expanded and exerted great 
pressure on the substance. When the substance minted 
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the tem^rature of the water and the presBure in AB 
were read. 

He found that the melting point of paraffin wax was 
raised fi*om 46 3° C. to 49*9° C. hy an application of a 
pressure of 100 atmospheres. 

115. Latent heat of fdsion. 

Exp. 70. Melt some crystals of sodium thiosulphate — 
the “ hypo ” of the photographer — in a flask. Carefully 
cork the flask and stand it on one side to cool. The melt- 
ing point is 45° C., but, if not shaken, it may be cooled to 
the ordinary atmospheric temperature without solidifying. 
Now gently remove the cork and drop in a small crystal 
of the salt. Crystallisation rapidly occurs throughout the 
mass, and as the mass crystallises the heat rendered latent 
during the melting of the orimnal crystals reappears as 
molecular motion and the mass becomes warm to the touch, 
the temperature rising to the normal melting point (45° C.). 

Exp. 71. Cool some water in a teat tube by surroundinff it by a 
freezinff mixture (Art. 118). If a thermometer ia placed in tlie water 
it will be found that the temperature falla rapidly at first and after- 
wards more and more slowly and passes O'C., until finally, if the 
freezing mixture is effective, a quantity of ice suddenly forms and 
at the same time a sudden rise of temperature to (f C. takes place. 

The explanation of this is that the water is at first cool^ Mow 
the temperature at which freezing should take place, then, suddenly, 
freezing takes place, and the heat evolved during the process pro- 
duces the observed rise of temperature. 

It has already been noted (Art. 108) that when a sub- 
stance undergoes liquefaction, or fusion, it absorbs heat, 
without rise of temperature, during the process. Also 
(Exp. 70) when a substance undergoes solidincation it gives 
out neat, without fall of temperature, during the process. 
The heat thus absorbed or evolved, at constant temperature, 
during fusion or solidification is called the latent heat of 
fnsion. A given substance absorbs, per unit mass, during 
fusion, and evolves, per unit mass, during solidification, a 
definite quantity of heat which is constat for the same 
substance under the same conditions. 
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The latent heat of fusion for any substance may there- 
fore be defined as the quantity of heat required to convert 
unii mass of the substance from the solid state at the melt- 
ing point to the liquid state at the same temperature. 
Thus the latent heat of fusion of ice at 0° C. is the quantity 
of heat required to convert unit mass of ice at 0° C. into 
water at 0° 0. It is also the quantity of heat given out by 
unit mass of water at 0° 0. in becoming unit mass of ice 
at 0° C The latent heat of fusion of ice is often called the 
latent heat of water. The heat was supposed to become 
“ latent ” in the water during fusion. If the gramme is 
taken as the unit of mass, then the latent heat should be 
expressed in calories per gramme. 

Hence if L denote the latent heat of fusion of any sub- 
stance then the quantity of heat absorbed during the 
fusion, or evolved during the solidification, of m grammes 
of the substance is w L calories. 

Exp. 72. Hake a rough determination of the latent heat of the 
fusion of ioe. 

Light a Bunsen burner ; keep it burning steadily during the ex- 
periment. Place a tripod over it and put about a pound of fairly 
dry ice, pieces about the size of a walnut, into a tin can, also a ther- 
mometer (though this is not necessary). Quickly place the can 
over the flame. Stir gently with the thermometer and note the 
times 

(1) When the can was placed on the flame. 

(2) When all the ice has melted (i.€. all is water at (f C.). 

(3) When the water commences to boil {».«. when the temperature 
has just reached 100° C. ). 

Find the differences in times between (1) and (2), (2) and (3), and 
note that they are roughly as 4 : 5. Now heat has been flowing into 
the can at nearly a constant rate, and, seeing that 100 calories are 
needed to raise 1 of ice-cold water to boiling, the latent heat of 
ice is roughly f of 100, i.e, 80 calories per gm. 

116. Determination of latent heat of fhsion of ice. 

Principle of the Method. A quantity of dry ice at 0®C. is 
placed in a weighed quantity of water warm enough to' melt 
all the ice. The temperature of the water is taken before 
the ice is put in and also after the ice is melted, finally the 
weight of ice is found. Prom these data the latent 
heat of fusion of ice may be calculated. 
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Let m, denote the masses of ice, water, and calori- 
meter; t and the initial and final temperatures of the 
water; L the latent heat of ice; and « the specific heat of 
the calorimeter. Then 

Heat given out by water and calorimeter 

» (m -h nil*) {< - 0 ), 

Heat absorbed by ice during change of state = M L. 

Heat absorbed by the melt^ ice in rising from 0® C. to 

e^C. = M0. 

Therefore, equating heat absorbed to heat given out, we 
have 

ML + Md s= (w + mi «) (i ~ $), 

from which L can be calculated. 

As the experiment lasts some time the cooling correction 
is of import^ce, but in this case it may be made practically 
negligible by adding pieces of ice until a final temperature 
is reached as much telow the air temperature as the original 
temperature is above the air temperature. Care, however, 
should be taken that the tempemture is not lowered to 
such an extent that dew is deposited on the outside of the 
calorimeter. 

Szp. 73. Take a calorimeter and shield as in Fig. 76, 
weigh the calorimeter, two-thirds fill it with warm water 
at about 30^ C., and reweigh. Place the calorimeter in 
position and accurately read its temperature. Crack up 
some clear ice to nutmeg size, and after diwing each piece 
carefully with blotting-paper drop it into the water. The 
water b^mes colder. Stir well with thermometer. Stop 
the addition of ice when the temperature is down to about 
10° C. or 15° C., and when all the ice has melted stir weU, 
take the temperature, and then take out the thermometer, 
removing with it as bttle water as possible. ' Finally weigh : 
the difference in the two last weighings gives the mass of 
ice put into the water. Calculate the latent heat of ice. 

Example. OdculaU the latent heat of/usicn of ice from thefoUowing 
ohertxUiOM 

Oalofimeter weighed 52*04 gm., oslorimeter and water weighed 
^99^ gm., oalorimetor aad wat^ and ioe weighed 215*88 gm. 
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Initial temperature « 31 *0® 0. Final temperature « 13*8° C. 

Air temperature » 22° C. Speoifio heat of metal calorimeter 
« 095. 

Heat absorbed by 26*43 gm. of ice in melting » 26*43 L calories. 

Heat absorbed by 26*43 gm. of melted ice in rising from C. to 
13*8°a * 26*43 X 13*8 calories. 

Heat given out by water and calorimeter in cooling from 31° C. 
to 13*8°a « (136*51 + 6*03) x 17*2 calories. 

Therefore 26*43 L + 26*43 x 13*8 = (136*51 + 5*03) x 17*2 

or h - - ‘ ° 78 unita. 

Note that in this experiment the cooling correction was automati* 
cally made negligible. 

The latent heat of any other substance could be found in 
a similar way, e.g. by putting some of the solid into some 
of the liquid or some other hot liquid and noting the fall 
in temperature. In this case the specific heats of the 
substance in the solid and liquid states would be required, 
as well as the specific heat of any other liquid used. 

TABLE OF LATENT HEATS OF FUSION. 


Ice 79*8 SUver 21 

Nitrate of sodium 63 Tin 14 

Nitrate of potassium (nitre) 47 Sulphur 9*4 

Paraffin wax 35 Lead 5*6 

Zinc 28 Mercury 3 


117. The latent heat of fusion of ice at 0^ C. is almost 
exactly 80 units. This value is a comparatively large one, 
and it is well that it is so. If the latent heat of fusion of 
ice were small ice and snow on the earth’s surface would 
melt very rapidly with rise of temperature, and disastrous 
floods would result. In the same way the height of the 
snow-line would increase, the distribution of glaciers would 
change, and jportions of the earth’s surface now covered 
with snow or ice all the year round would be cleared during 
a portion of the year. Further, if the latent heat of ice 
were small our ponds and lakes would freeze very much 
sooner, and perhaps quickly freeze solid. While this would 
make more skating available it would be destructive of fish 
and other life in the ponds and lakes. 
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118. Solution. When a solid is dissolved in a liquid we 
have, in general, three distinct effects possible : — 

(a) Tha physical change of state of the solid. 

(b) Chemical combination. 

(c) Dissociation. 

In solution, properly so called, only (a) takes place, and 
the process is therefore always accompanied by a fall of 
temperature due to the absorption of the latent heat of 
fusion from the solution For example, the solution of 
sodium sulphate or ammonium nitrate in water lowers the 
temperature of the solution by about 16° C., and for this 
reason these solutions are often used as freezing mixtures. 

In the majority of cases, however, chemical action takes 
place as well as simple solution, and we then have two 
thermal effects corresponding to (a) and (h) above. The 
changes referred to in (a) and (c) are always accompanied 
by absorption of heat, and that of (b) always produces heiit, 
and thus the final effect depends on whether the absorption 
of heat due to (a) and (c) is greater, equal to, or less than 
the evolution of heat due to (6). 

Exp. 74. (1) Mix 4 p&rta by weight of sulphuric acid with 1 part 
of snow. A rise of temperature of nearly 9(PC. is prorluced. 
(2) Now mix 1 part of sulphuric acid at O^C. with 4 parte of snow. 
The temperature falls nearly 2(f C. 

A freezing mixture is one in which a low temperature is 
produced by the absorption of heat resulting from the 
change of state of some constituent of the mixture. It 
must be understood that the low temperature of the 
mixture is only temporary; it is produced during the 
change of state in the mixture, and is complete when that 
is complete. 

The simplest freezing mixtures are those referred to 
above, where the fall in temperature results from simple 
solution and the partial dissociation that often accompanies 
it. A common mixture for laboratory purposes is salt 
and ice, or salt and snow. In this mixture lx>th con- 
stituents ohan^ state, and the temperature resulting from 
this double absorption of heat is — 22° 0., which is the 
freezing point of a definite compound of salt and water. 
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Exp. 76. (1) Bisflolre sodium suipliate or pliospbate or 
ammonium nitrate in water. Note the depression of the 
temperature. (2) Mix 4 parts of crystallised chloride of 
calcium with 8 parts of snow or ice. What is the lowest 
temperature you can get ? 

119. Depression of the freezing point of salt solutions.— 
The freezing point of a salt solution is lower than that of 
pure water. It is of interest to find out how the depression 
of the freezing point depends on the concentration. In 
carrying out the experiments use is made of the fact dis- 
covered in Exps. 70, 71, that a solution may be cooled some 
degrees below its normal freezing point before sobdification 
occurs, and then suddenly freezing occurs and the tem- 
perature rises to its nonnal freezing point, where it remains 
for some time until gradual cooling again sets in. 

Exp. 76. Find how the depression of the freezing point 
of a solution of common salt in water 
depends on the concentration. 

Fit a boiling tube, B (Pig. 85), with 
a cork. Bore two holes through the 
cork, a central one to hold firmly an 
accurate thermometer, T, and a small 
side hole to admit a wire stirrer, S. 

The thermometer should read to 
and the scale should extend 10 degrees 
or 80 below zero. 

Measure out 50 gm (= 50 c,c.) of 
distilled water by a burette or pipette, 
and put it into the tube B. 

Make a freezing mixture of ice and 
salt in a stout jar, J, place the tube 
well in the mixture, stir well. Solidifi- 
cation gradually occurs, and as the ice 
crystals accumulate the temperature 
remains steady. Note this tempera- 
ture: it is the temperature of the freezing point of pure 
water. 



Fig. 85. 



188 


THI LOWIB ORANOB OW BTATB. 


Withdraw the tube and melt the ice. Wmgh out care- 
fully about 2 gm. of common salt. Dissolve this in the 
water, replace the tube in the freezing mixture and stir 
very gently. The temperature gradually falls, passes 

f the freezing point of pure 
water, is then arrested and 
quickly rises to a tempera- 
ture just below the normal 
freezing-point. Here it 
remains steady for some 

L time while solidification 
occurs. Carefully read the 
thermometer. This gives 
the temperature at which 
pure ice separates out in 
the given solution. 

The solution then be- 
comes more concentrated, 
and if the tube is allowed 
to remain in the freezing 
mixture the temperature 
continues to fall as the 
freezing of this solution 
proceeds. This, however, 
18 not what we want to 
study in this experiment. 

Withdraw the tube, melt 
the contents, add another 
2 gm. of salt, and again 
determine the freezing 
point. Repeat until about 
12 gm. of salt have been 


Fig. 86. Calculate the depression 

of the freezing point for 
the different quantities of salt, and plot a curve between 
depression of freezing point and mass of salt per 100 gm. 
of water. It will be a straight line, showing tW for weak 
solutions the depression is proportional to the concentra- 
tion. Calculate from the curve the depression of the 
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freezing point for a 1 per cent, solution (i.e. 1 gm. of salt 
dissolved in 100 gm. water). It is just under *6® C. 

The experiment just described is used largely in physi- 
cal chemistry for the determination of molecular weights, 
for Eaoult found that the depression of the freezing point 
was inversely proportional to the molecular weight of the 
dissolved substance. The more accurate apparatus shown 
in Fig. 86, which is due to Beckmann, is used, but the 
details are the same. Eeference may be made to text-books 
of physical chemistry for the theory of the depression of 
the freezing point and the calculations whereby the mole- 
cular weight of the sohite is determined. 

120. Specific heat determined from the latent heat of 
fnsiott of ice. Ice calorimeters. We have seen that 
when unit mass of ice at 0®C. is melted to water at 0°C. 
80 thermal units are absorbed. If, then, we find out how 
much ice a known mass of any substance at an initial 
known temperature is able to melt, we can easily calculate 
how many thermal units it evolves in falling from its 
original temperature to the temperature of the ice, and 
from this we easily get the quantity of heat given out by 
unit mass falling one degree, that is, the spe^c heat of 
the substance. There are several methods of applying 
this principle, but the formula to be applied in each case 
is the same. 

Let M = mass of the body, S = its specific heat. It is 
heated to a temperature T^ C. and then dropped into an 
ice chamber. In falling to 0^ C. it melts, say, a mass m 
of ice. 

The heat given out by the hot body = M S T units. 

The heat absorbed by the ice in melting == mL units, 

AM8T«mL; 


Hence, in order to calculate the heat absorbed in an ice 
calorimeter it is necessazy to determine with some exact- 
ness Uie masf of ice melted. This may be attempted by 
two methods: (a) by direct weighing of the water pro- 
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duced by the melting of the ice, and (b) by measuring the 
decrease in volume resulting from the change of a portion 
of the ice into water. In the second method use has to be 
made of the fact that the volume of 1 gm. of ice at 0° 0. is 
10906 C.O., and the volume of 1 gm. of water at O^C. is 
rOOOl C.C., so that 1 gm. of ice at 0®O. in melting to 
become water at 0® C. decreases in volume by '0905 c.c., 
that is, by about one-twelfth of its volume, or one-eleventh 
of the volume of the water. 

Exp. 77. Find the density of Ice. Make a mixture of 
methylated spirits and water of such density that a piece 
of ice remains submerged in it at any point at which it is 
placed. The densities of the solution and ice are thus the 
same. Quickly withdraw the ice and then determine the 
density of the solution at 0® C. with a specific gravity bottle 
or pynknometer. From the density calculate the volume 
of 1 gm. of ice and the decrease of volume when 1 gm. of 
ice melts. 

121. Black's ice calorimeter. 

&qp. TS. Hake and qm a Black's ioe calorimeter. Take a nearly 
oubical block of ioe (A, Fig. 87) about 4 inches edge, and drill a hole 
about an inch in diameter and an inch deep in it. Make the bottom 
smooth and slightly conical. Fit over the hole, as a cover, another 
block of ice, B, about 2 inches thick, as shown in Fig. 87. 

Dry the caviW in the block thoroughly with 
filter pajMr. [If the cover fits the top of the 
hole well no heat can reach the cavity from 
the surroundings of the block. The block may 
melt on the otUeide, but there is no melting or 
freezing in the interior unless heat is given out 
or absorbed by a body placed in the cavity.] 
Then heat about 50 gm. of, say, brass to 
100^0., and drop it into the cavity. Replace 
the cover and allow the whole to stand until 
the brass has time to cool to 0^ 0. The water produced by the melt- 
ing of the ioe collects in the cavity and remains there unchanged in 
quantity so long as the block is intact. (The top of A is slightly 
rounded so that no surplus water may trickle down the hole.) 
Collect this water by means of a weighed sponge or a small pipette 
and a piece of filter paper, and determine its mass. Calculate the 
specific heat of brass from your observatioii. 
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Example. Find the specific heat of braes from thefoUomng obeerva’ 
tione :—A lump of brass of mass 60 gm. was heated to 100® C. and 
dropped into the hollow of a Black’s ice calorimeter. The water 
produced \mghed 5'9 gm . Arguing as above we get— 

60 X 8 X 100 = 5-9 X 80 « 472, 

.-. 8 =. 094. 

122. Bunsen’s ice calorimeter. The action of this calori- 
meter depends upon the fact that ice contracts on melting. 
When 1 gramme of ice melts to 1 gramme of water, the 
diminution in volume amounts to 0905 c.cm., and 80 calories 
of heat are absorbe<l. . 

The calorimeter (Fig. 88) consists of a glass vessel, A, 
having a thin glass tube, B, fused into it as shown in the 
figure. At its lower end A passes into the tube C B, which 
is bent up as shown in the 
figure, and at D is fitted 
with a cork carrying a 
bent piece of capillary 
tubing, T T. The hori- 
zontal part of this tube 
is carefully calibrated and 
carries a graduated scale 
so that the volume be- 
tween any two divisions is 
accurately known. 

To prepaid) this apparatus for use the upper part of A 
must be filled with pure, airfree distilled water, and the 
lower part and the communicating tube with pure mercury. 
The instrument is then placed in a suitable vessel, V, and 
surrounded as completely as possible with pure snow or 
melting ice. A current of alcohol which has been cooled 
by a freezing mixture of salt and ice is then passed through 
the tube B until a shell of ice is formed round it in the 
water in A. B is now cleaned out, a layer of glass, wool, 
or sand is placed in its bottom, and a small quantity of 
distilled water added. The instrument is left, preferably 
over night, until everything arrives at 0® C. and the posi- 
tion at the end of the mercury column in the tube T 
becomes stationary. Its position is then read. 
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A known mass of the substance the specific heat of which 
is required is raised to a known temperature in a suitable 
heater, and then dropped into the water in The heat 
given out hj this substance as it cools to 0° C. melts a 
quantity of ice in A ; a consequent diminution of volume 
is produced, and is indicated hy a motion of the end of the 
mercury column in T towards the calorimeter. When the 
position of this column becomes stationary a second reading 
is made, and the difference of the two re^ngs thus taken 
on T determines the decrease in volume caused by the 
melting of ice in A. 

Let the decrease of volume thus determined be denoted, 
in cubic centimetres, by v. Then, since the melting of 1 
gramme of ice in A would produce a diminution of volume 
equsd to 0 0905 o.cm., the mass of ice melted in A must 

equal grammes, and as each gramme of ice requires 

0*0906 

80 calories of heat to melt it, the quantity of beat given 

80v 

out by the substance must equal or 884t> calories. 

0*0905 

But, if M denote the mass of this substance in grammes, 
T the temperature to which it was raised, and S its specific 
heat, then the heat it gives out in cooling to O^C. is equal 
to M S T calories. Thus we have 

884v» M8T; 


This instrument, when once put in working order, may 
be used to make several determinations and rive accurate 
results, but it is rather troublesome to fill and prepare for 
use. Observe that in this method there can be no error 
due to exchange of heat between the instrument and the 
surroundings. 

Bunsen’s ice calorimeter has proved very useful in the 
determination of the specific heats of bodies which can 
only be obtrined in small quantities, e,g, the rare metals. 

It is evident that, if we work with a substance of known 
spedific heat, we may use Uiis apparatus to determine the 
latmit heat of water or to show that ice contracts on 
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melting, and, by measuring the contraction, to determine 
the density of ice. Bunsen made both these determinations 
in 1870, and found 80 02 as the latent heat of fusion of ice 
on the Centigrade scale and 0*9167 gm. per c.c. as the 
density of ice at 0° C. 

The mean results of later experimenters for these two 
quantities are 79*8 and *9169. 

If we let the free end of the tube T dip into some mer- 
cury, M (Fig. 88), contained in a small beaker, we may 
calculate the decrease of volume when the ice melts from 
the decrease of weight of the mercury in this beaker. The 
tube T must be kept full of mercury. In this case no 
scale is required to T. 

Exp. 79. Set up a $imple form of Bunsen's calorimeter 
and use it to find the sp. ht. of brass. Take a wide-mouthed 
4-oz. bottle, B (Fig. 89), and fit it, as shown in figure, with a 
rubber stopper carrying a test-tube, T, and a piece of tubing, 
/, of narrow bore (i mm.). Fill the 
l>ottle with a large number of small 
pieces of air-free ice and water and 
insert the stopper so that all air is 
excluded. Drop a little clean silver 
sand into the test-tube, T, and two- 
thirds fill it with water. Let now the 
bottle be placed in a larger vessel, V, 
and completely surrounded with ice, 
as shown in the figure, so as to protect 
it from external heating. When the 
level of the water in t becomes station- 
ary, at a, say, the apparatus is ready 
for use. 

Drop the brass straight from the 
heater into the test-tube, where it is 
received on the sand without damage 
to the tube. The heat given out by the brass melts some ioe 
in the bottle and causes a fall in the level of the water in t 
Observe the len^h of this fall and from the known cross 
section of the bore of the tube calculate the decrease in 
volume attending the melting of the ioe. From this the 
H. T. p. 13 


t 

a 



Fig. 89. 
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quantity of heat given out by the substance can be calcu- 
lated, and thus the specific heat of the substance can be 
determined. 

Example. Find iht speci/c heat of hnwi from the following obeerva^ 
(ions:— 5 gni. of brass at lOCfO. was dropped into the test-tube of 
above appiviatus and the observed fall of level in tlie indicating 
tube was W mni. The cross section of the bore of the tul)e was 
•010 sq. cm. 

The decrease in volume due to melting of the ioe is 6*4 X ‘01 o.c. 
= *054 c,c. 

The melting of 1 gm. of ice causes a decrease in volume of 
*091 0 . 0 . Hence a decrease of ‘054 o.o. indicates the melting of 
'054 

gm. or ‘59 gra. nearly. The quantity of heat given out by this 

aJOI 

ice in melting is ‘59 x 80 or 47 calories. We therefore have, if 8 
denotes the specific heat of brass, 

5 X 100 X S = 47 
orS = 094. 

123. The specific heat of ice. To find the specific 
heat of ice it is, of course, necessary to work with ice 
below 0® C. 

Exp. 80. Find tbs spedfio heat of ice. 

(i) Person's method. Place 20 gm. of pure water in a thin copper 
fia^, immerse a delicate thermometer in it, and keep it in a freezing 
mixture for some time until the temperature is just below - 10° U. 
Arrant matters so that the temperature shall slowly rise to 
— 10*U. In the meantime take a copper calorimeter of the 
csrdinary form, put in it a certain quantity of water, provide it 
with a delicate thermometer and stirrer, and then put a cover on 
to prevent evaporation. Heat this water to a temiieraturo about 
25° G., stir well and let it cool to 2tf C. 

Suppose now you have got the ice to - 10° G. Place the ioe fia.sk 
withm the water calorimeter and watch the readings of the two 
thermometers. The temperature of the ioe will rise, that of the 
water will fall If a lai^ quantity of warm water be used the 
final temperature of both nask and calorimeter and contents may l)e 
above (f U. If a large quantity of ioe is used the final temperature 
may be below (f G. If intermediate quantities are employed the 
final temperature may be 0°0. with some of the ioe meltm, or with 
some of uie water in the calorimeter frozen. 

Since it is rather hard to find exactly how much ioe has melted it 
is best to arrange that Uie final temperature be above zero. In 
this case, if M gm. of hot water at T° are employed, and the 
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final temperature is and the water equivalents of the copper 
fiask and calorimeter are and respectively, then 

(M-f »%) (T -0 «20(10« +L + 0 + W*, (10 + 0 

from which if either L or a be known the other may be found. 

(2) Another method often adopted is to watch the two thermo- 
meters as they change and take readings of both at the same time; 
thus if M gm. of water at T®0- are employed in the calorimeter and 
readings were taken when the temperature of this hatl fallen to <®C. 
and the temperature of the ice haci risen to ~ ^®C., then we have 

(M + nij) (T - 0 = (20 X s + m,) (10 - p) 

from which s can be found. Of course this method can be used in 
conjunction with the above method. 

Likely sources of error are 

(1) Cooling of water by evaporation. The actual loss of water by 
evai>oratiou is negligible, but the heat it removes latent is much more 
considerable. 

(2) Radiation losses from the calorimeter. This may be lessened 
by using the ordinary devices employed in calorimetry. 

(3) The temperature of the ice at the start may not be uniformly 
— 10° C. Also if the second method is used it is not likely that 
the temperature of the ice will be uniformly at - C. ; the tem- 
perature will no doubt decrease towards the middle of the ice. 
This error cannot be easily allowed for except by making the pro- 
cesses very slow. 

The mean value of the specific heat of ice for the range - 50^ C. 
to 0° C. is *47. It decreases as the temperature is lowered. 

124. Nature of latent heat. When a piece of ice at 0®C. 
is heated its temperature does not rise until all the ice has 
melted. What has become of the heat given to the ice ? 

Think of a cannon-ball lying ou the ground : it is at rest, 
and has no destructive power. Think of it now flying 
through the air at 1,000 ft, a second. It has an immense 
store of energy because U is in motion. Again, think of the 
ball on the very brink of a precipice, so exactly poised that 
the least conceivable force would dislodge it and enable it 
to fall. Again it has a store of energy, but this time 
because His in a particular position — a position of advan- 
tage with regard to the force of gravity, which is ready at 
any moment to puU it to the ground. The energy is not 
active at the moment under consideration, but it may be- 
come active at any moment. It may be called potenHalf 
latent, stored energy, or energy of position, to distinguish 
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it from that of the moving ball, which may be called kinetk 
or active or energy of motion. 

Now return to the melted ice, and remember that the 
effect of absorbed heat upon a body is usually twofold. It 
increases the vibratory motion of its molecules, or, in other 
words, raises its temperature or increases its molecular 
kinetic energy. But it also drives the molecules further 
asunder into strained positions, from which they will 
spontaneously return when the temperature falls. This 
increases the molecular potential energy of the body. In 
the melting of the ice none of the absorbed heat increases 
the kinetic energy : it is wholly devoted instead to forcing 
the molecules into new positions — positions of advantage 
with respect to some intermolecular force, which will drive 
them back again when the absorbed heat is again lost and 
the water again becomes solid. 

We do not know enough about the molecmlar constitution 
of water to be able to define those forced changes of position 
or the force which resists them. It is not simply repulsion 
in opposition to cohesion ; for the ice contracts in melting. 
It will suffice if we understand that what takes place during 
the melting is the conversion of the kinetic energy of the 
absorlxjd heat into potential energy, and it will enable us 
to attach a tolerably definite meaning to the term latent 
heat, which is applied to the energy as stored up in the 
molecules of the liquid water. 

When the water again freezes, and the molecules return 
to their former interrelations, all tliis latent heat again 
Ijecomes sensible or kinetic as vibratory motion, and so 
from the moment the water l)egin8 to freeze, until the last 
drop is frozen, no fall of temperature takes place. 


EXERCISES IX. 

<Iii working ont (jalculations take the latent heat of fusion of ioo 
as 80.) 

1. Determine the melting point of white wax, stearic acid (stearin 
candles), urea, tartaric acia, naphthalene (moth balls), etc. (Oook 
by a book of taMes.) 
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2. Taking tlio specific heat of lead as O’OSl and its latent heat as 
6*07, find the amount of heat necessary to raise 15gra. of lead from 
a temperature of 1 15° C. to its melting point, 32Cf 0., and to melt it. 

3. The melting point of paraffin wax was determined by a method 
of cooling. The following readings were taken every half minute. 
Plot a curve and find the melting point. 

. 55'8°, 54-8°, 54“, 63-5°, 53*05°, 52*85°, 62*55°, 62*6°, 52*6°, 62*5^, 52*6°, 
62*46°, 52*25°, 52*1°, 62*0°, 61*r, 51*7°, 61*6°. 

4. Why do people sprinkle salt on pavements when these are 
coated with ice ? 

6. Ten gm. of ice at - 10° C. are mixed with 120 gm. of water at 
80° C. Find the final temperature. (Specific heat of ice = 0*5.) 

6. Determine the latent heat of ice from the following data ; — 


Weight of brass calorimeter (sp. heat *09) 35 gm. 

,, ,, „ „ + water 156 gm. 

Initial temperature of water and calorimeter ... 24°C. 
Final „ „ „ ... irC. 

Weight of calorimeter, etc., after addition of ice ... 165 gm. 
The ice was originally at 0° C. 


7. 600 c.o. of mercury at 66° C. are put into a hollow in a block 
of ice, and it is fouml that 159 gm. of ice are liquefied ; find the 
specific heat of mercury. 

8. How many units of heat would cause a mixture of ice and 
water to contract by 50 c.mm., if 100 c.c. of water at 0°C. become 
109 c.c, on freezing? 

9. A gm. of ice at 0°C, contracts 0 091 c.cm. in becoming water 
at 0°C. A piece of metal weighing 10 gm. is heated to 60°C. and 
then dropped into a Bunsen’s c^orimetor. The total contraction is 
*063 0 . 0 . Find the specific heat of the metal. 

10. Ten gm. of water at 96° C. are placed in the inner tube of a 
Bunsen’s calorimeter, and it is found that the volume of the contents 
of the outer portion decreaai^ by 1*09 o.o. Find the specific 
gravity of ice ? 

11. If 100 C.0, of water in freezing become 109 o.o. of ice, and 
the introduction of 20 gm, of mercury at 100° C. into a Bunsen*^ 
calorimeter causes the end of the column of mercury to move through 
74 mm. in a tube 1 sq. mm. in section, find the spec, heat of mercury. 

12. Three separate mixtures are made, namely — (1) Water and 
snow, (2) water and salt, (3) snow and salt, li all ^e materials 
were, before being mixed, at (f C., which mixture will be at the 
highest temperature and which at tlie lowest? and why? 
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EXAMINATION QUESTIONS ON CALORIMETRY AND 
THE LOWER CHANGE OF STATE. 

(Take the latent heat of ice as 80 unless specified otherwise, and 
the density of mercury as 13*6 gm. per o.c.) 

1. A calorimeter of water-equivalent 12 gm. contains 100 gm. of 
water at 12® C. When 100 gm, of a metal at 100® C. are added, the 
resulting temperature of the mixture i8 2(fC. Find the specific 
heat of the metaJ: 

2. A copper vessel contains 100 gm. of water at 12® C. When 
56 gm. of water at C, are added, the resulting temperature of tne 
mixture is 18® C. What is the water-equivalent of the vessel ? 

3. A mass qf 200 gm. of copper, whose speciOo heat is *095, is 
heated to 100® C. and placed in lOO gm. of alcohol at 8®C., contained 
in a oopper calorimeter whose moss is 25 gm., and the t^perature 
rises to ^*5®C. Find the specific heat of alcohol. 

4. Explain carefully one method of finding the specific heat of a 
liquid, pointing out the sources of error and the precautions 
necessary to obtain an accurate result. 

5. Describe some one method of measuring a very high tempera* 
ture, say one somewhere about KXXf C. 

6. Define vptcifc heat, end explain what is meant by saying that 
the specific heat of a substance is variable. 

(a) Account for the fact that when 48 gm. of a articular liquid 
at 20® C. are mixed with 45 gm. of the same liquid at 100“ C., the 
resulting temperature is about (Kf C. {b) Would the resulting tem- 
perature be as above if the liquid were water ? 

7. Given milk at 95® C. and water at 15®C., how much of each 
would you taka assuming their specific heats to be equal, to obtain 
a mixture at 40® 0. weighing 80 T 

Would the final temperature oe less if the milk and water were 
allowed to stand for 10 minutes in a room at 15® C. before mixing 
than if they were mixed first and then allowed to stand for the 
same time ? 

8. A volume of air that would measure 12 litres at normal tem- 
perature and pressure is contained in a gasometer:. It is then slowly 
driven throu]^, firsts a copper coil heated by a steam bath to 100“ C., 
and then through a thin copper coil in a copper calorimeter con- 
taining 300 gm. of water. Ine calorimeter and its contained coil 
weigh 200 gm. Daring the process the temperature of the water in 
the calorimeter is ob^rved to rise from 16“ to 17*0. Determine 
from these data and from the following constants the specific heat 
of air. [8p. ht. of cop^r 0*1 ; 1 litre of air at normal temperature 
and pressure weighs I'^gm.] 
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9. How do you account for the leakage from water pipes on a 
thaw after a severe frost ? 

It is a ooraraon practice to leave water tarn slightly turned on 
during a frost to prevent freezing. How do you suppose the 
freezing is prevented ? 

10. How can you prove experimentally that heat is absorbed 
when a solid melts ? Describe a method tor measuring how much 
heat is absorbed during the melting of a pound of wax. 

11. 100 gm. of iron (sp. ht. *112) at 60“ C. are placed in a vessel 
containing 1,000 gm. of water at 0“C. ; how many gm. of ice at 0“C. 
must be added to reduce the temperature of the mixture to 0*0, ? 
All the ice is supposed to be melted. 

12. What is meant by the specific heat of a substance? Eight 
gin. of ice at (f C. are dropped into of paraffin oil at 20® C. and 
are just melted in cooling the oil to 0®C. What is the specific heat 
of the oil ? 

13. The temperature of a pond is 8°C. when a freezing wind sets 
in. Describe what happens as the water parts with its heat, and, 
assuming tliat it parts with it at a uniform rate, compare the time 
taken to the beginning of freezing with the time taken to freeze 
the top half-inch of water, the total depth being 20 in. (Assume 
that the bottom layer of water falls to 4® C. and remains at this 
temperature, and that finally the temperature gradient is uniform 
from the l)ottom of the pond to the surface of the water.) 

14. Describe and explain the action of a Bunsen calorimeter, 
whereby quantities of heat are measured by the amount of ice 
melted by them. Twenty-five gm. of water at lff*C. are placed 
in the inner tube of the calorimeter, and it is found that 6*8 gm. 
of mercury are drawn into the capillary tube. Determine the density 
of ice. 

16. One gramme of metal heated to 100® C. is dropped into a 
Bunsen ice calorimeter in which the weight of mercui^ needed to 
fill one centimetre of the index- tube has been found to be *026 gm. 
The thread of mercury moves through 52*5 mm. What is the mean 
specific heat of the metal? One gni. of water in freezing expemds 
*0907 0 . 0 . and its latent heat of fusion is 80 02. Would you prefer 
in piaotioe to find the constant of the instrument in any other way ? 

16. Forty-five j^mraes of water at 20“ C. are mixed with 20 giii, 
of ice at ~ 10“ C., and, in consequence, half of the ice is melted. 
The latent heat of fusion being 80 uiiita, find the specific heat of ice. 

Desoril^ how you would peiiorm an experiment to teat the 
accuracy of the above numbers, assuming the latent heat of fusion 
to be correct, and point out the most likely souroea of possible error 
in your experiment. 
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PB0PERTIE8 OF VAPOUR. 

126. Change of state from liquid to vapour. When 
water is boiM steam is given off, rises in the air, and dis- 
appears. It is evidently distributed through th? surround* 
ing air as an invisible gas. Again, if a bottle of volatile 
liquid such as ether, methylated spirits^ or turpentine is 
exposed to the air, our sense of smell informs us that the 
substance is diffused in a gaseous state through the air. 
The process by which substances in the liquid form enter 
the gaseous state is called evaporaiion or vapmsation. It 
takes place at all temperatures, the only effect of tempera- 
ture being that of altering the rate at which the process is 
carried on. Thus, if a saucer of water is placed out of 
doors, the water will disappear faster on a dry summer day 
than on a dry winter day. 

126. Vapour pressure. A liquid gives off vapour from 
its free surface into the adjacent atmosphere at aU tempera- 
turee. Also this vapour is gaseous in character, and may 
be expected to exert pressure in the same way as a gas 
does. It is therefore desirable to submit the behaviour of 
a vapour in this respect to the test of experiment. 

Exp. 81. Take a perfectly clean and dry barometer tube 
about 85 cm. long and from 5 mm. to 1 cm. in diameter and 
set up a simple barometer with clean, diy, warm mercury. 
Note carefully the height of the mercury column when 
cold by means of a metre scale and compare it with that of 
a standard barometer. If the reading is more th^ a mm. 
below the reading of the standard, the barometer is not 
satisfactory » and another trial must be made. Now intro- 
duce a very maU quantity of water into the TorriceUian 
200 
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vacuum* of the barometer and note the result. The water 
may be introduced by passing up a very small piece of filter 
paper soaked in water into the vacuum. 

It will be found that the water vaporises in the vacuum 
almost instantly and that the column of mercury is slightly 
depressed. For example, the height of the column might 
be reduced from 758 mm. to 762 mm., the pressure of the 
vapour thus causing a depression of 6 mm. This evidently 
indicates that the vapour exerts a pressure which is mea- 
sured by the depression of the mercury column. Thus, in 
the example given the pressure of the vapour plus the 
pressure due to 752 mm., of mercury is equal to a pressure 
of 758 mm. of mercury, and the pressure of the vapour is 
therefore equal to that due to 6 mm. of mercury. 

Now introduce another very small quantity of water into 
the barometer tube and again note the result. It will be 
found that again the water vaporises, but not so quickly 
as at first, and the column of mercury is again depressed. 
For example, the height of the column may now fall from 
752 mm. to 748 mm., thus showing a further depression of 
4 mm. 

This indicates that as the quantity of vapour in the 
enclosed space increases the pressure also increases. In 
the case oi the example given the pressure of the vapour 
increases from 6 ram. to 10 mm. of mercury. 

Repeat the operation of passing a very small quantity of 
water into the tube several times and note the results. 

It will be found that the additional quantities of water 
vaporise more and more slowly, causing in each case a slight 
but decreasing depression of the mercury column, until 
finally the water ceases to vaporise altogether and remains 
as a thin film on the surface of the mercury, and there is 
no further depression of the mercury column. This shows 
that when the space is ioinraied with vapour the pressure 
of the vapour attains a final value, which is the mamwim 
vapour pressure under the existing conditions. 

* This space is not a perfect vaonum, as it contains a very small 
quantity of mercury vapour derived by evaporation from the liquid 
mercury. The vapour pressure of mercury is, however, negli^ble 
at ordinary temperature. See Art. ISO. 
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This method of meaeuriug vapour pressure is due to 
Watt of steam-engine fame. 

Exp. 83. Repeat the above experiment, using a barometer tube 
with a large bulb at the closed end. It will be lound that a larger 
quantity of vapour is necessary to saturate the larger space avail- 
able, but that the maximum vapour pressure is exactly the same if 
the temperature is the same. 

ExpL 83. Repeat Exp. 81 with alcohol and ether, using a clean 
tube and clean, dry mercury in each ease. It will be founa that, at 
the same temperature, the maximum vapour preesure for alcohol is 
greater than lor water and greater for ether than for alcohol. For 
example, at 20“ C. the rnaximttni vapour pressure for water would 
be aixiut 17 mm., for aloohoi about 60 mm., and for ether about 
400 mm. of mercury. 

Exp. 84. Repeat Exp. 81 with one of the above liquids, sayaloohol, 
at two ditferent temperatures — for example, in a cold worn at l(f C. 
and in a warm room at 20“ C. The maximum vapour pressure will 
be found to be greater at the higher temperature. 

This apparently indicates that the maximum vapour pressure for 
any substance increases with the temperature. 

The experiments described above establish the following 
facts. A liquid gives off vapour from its free surface at 
aU temperatures, and this vapour behaves like a gas and 
exerts pressure. Also, when sufficient liquid is present to 
saturate a closed space with its vapour, the pressure of the 
vapour attains a maximum value, which is constant for a 
given liquid at a given temperature, but apparently increases 
as the temperature rises. 

127. Variation of mazimom vapour presanre with 
temperature. The result of Exp. o4 indicates that the 
maximum vapour pressure of a vawur increases with 
the temperature. It is desirable, therefore, to submit 
this question of the variation of the maximum va^ur 
pressure with temperature to further experimental investi- 
gation. 

Exp. 85. Set up two simple barometers A» B, as 
described in Exp. 81, and fit them into a cork in a 
wide jacket tube, J, as shown in Fig. 90. Place a wooden 
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millimetre scale either between the two tubes or- behind 
them and so arrange that readings can be taken to the 
nearest millimetre. 

Fill the jacket tube with warm water, about 
60° C.,* and suspend a thermometer t in the 
water to indicate the temperature. A stirrer $ 
should also be arranged to keep the water in con- 
stant motion, and so secure uniformity of tem- 
perature throughout its mass. A serves as an 
ordinary barometer. Introduce into the vacuum 
of B a sufficient quantity of the liquid to he 
vaporised, say water. As the water in the wide 
tube slowly cools note the depression of the mer- 
cury column in B with respect to A, and so deter- 
mine the maximum vapour pressure of water 
vapour at a number of different temperatures 
iHjtween 60° and the temperature of the room. 

Then add ice and take readings down to 0° C. 

It will be found in studying the result that 
the maximum vapour pressure increases as the Fig. 9o. 
temperature rises and that for eqticU increments 
of temperature the corresponding increments of pressure 
rapidly increase. For example, the following are the 
results of an experiment with water vapour. 


Temperature. 

Maxinnun Vaiwur 
Preeaure in Mm. 
of Mercury. 

60® C. 

140 

«rc. 

92 

40® C. 

65 

30^0. 

31 

20® C. 

17 

lOPC, 

9 

0®C, 

6 , 


* A simple method of heating a quantity of water placed in a 
jacket tube, as shown in Fig. 00, is to take a long H tuM, immerse 
the curved end in the water and pass steam through the tube from 
a boiler. 





ever, the reeulte of experiment are plotted with tempera- 
tures as abscissae ana pressures as ordinates a smooth 
curve of the form shown in Fig. 91 is obtained. It is 
possible to obtain from this curve the pressure at anti 
temperature included in the range of the curve. 

Exp. 86. Repeat Exp. 88, but begin by carefully filling the outer 
tube with boiling water. It will be found that the mercury column 
is depresiMid almost to the level of the mercury in the cistern, and 
that the oolnmn of vapour is now so long that great difficult is 
experienced in maintaining it at a consUnt tempcarature. This 
method of experimenting is therefore not suitable i^er these ooo* 
ditions. Art tS9 desorioes a better method. 
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Exp. 87. Repeat Exp. 88 with (i) aloohol* (li) carbon bisulphide 
instead of water, and measure the maximum pressure of vapour for 
temperatures between, say, l(fC. and 6(PC. The general results 
will be found to be similar to th{»e obtained for water vapour, the 
pressures at l(f C. , 20° C. , 3(f C. , and 40P C. being 
respectively 24, 44, 78, 134 mm. of mercury for H 

aloohol, and 200, 300, 435, and 620 mm. of mer- — v— 

cu^ for carbon bisulphide. ^ 

We thus see that in all cases the maximum v 

pressure of a vapour increases as the tempera’ j z:_ - 

ture rises, and that equal increments of tern- *; ^ "rr: 

perature show increasing increments of pressure. j.ZZ 

128. The work of Dalton, Gay Ln88ao, I iz : 

and Regnanlt. Dalton^s apparatus is i 21 

shown in Fig. 92 and needs little descrip- ^ z\'Zl ^ 
tion, C is a cast-iron cistern containing i 
mercury, W a glass cylinder, and T, T' i 2 : " 
the barometer tubes. The chief defects . 2 : ” s 

of this method were : — 1 2 i ^ 

1. The difficulty of securing a uniform L ® | \ 
temperature throughout the column of N |j^H| W 
water in V V. 

I 2. The difficulty of accu- \ MMM/ 

n /Jr^ rately measuring the diffe- jv-« 90 

y f \ rence of level in T and T 

through the cylindrical walls of V V. 

^ ^ ^ j JsBsi 3 . The limited range of the method. At 
100° C, the column in T' is depressed to the 
level of the mercury in C, and hence obser- 
vations above 100 ° C. are impossible. 

Eegnanlt adopted the general principle 
of Dalton’s metiiod, but he modified the 
apparatus considerably, and finally adopted 

H three different forms of apparatus for 
different ranges of temperature. We shall 
briefly notice these forms. 

Fig. 93 Apparaftts for determinaHons hdow 0°C. 

It should here be noticed that aqueous 


vapour is given off by ice at all temperatures, the pressure 
being quite appreciable for a considerable range below 
0°O. The apparatus employed is shown in Fig. 98, and 
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taken in connection with what has already been said, its 
general method of action is obvious. 

The bulb B is surrounded by a freezing mixture of 
calcium chloride and snow, and, as will be shown in Art. 
151, the temperature of this mixture is the lowest to which 
the vapour inside the tube is subjected, the vapour pressure 
indicated is tliat which corresponds to this temperature; 
for equilibrium can exist only when the pressure through- 
out the space occupied by the vapour is the same, and, as 
the pressure in B can never be greater than 
that corresponding to the temperature of the 
freezing mixture, it follows that this must 
be the pressure thi*oughout the space. The 
temperature of the mixture can be altered 
B by varying the proportions of the consti- 
tuents. This form of apparatus was first 
used by €kky Lussao, and is sometimes re- 
ferred to under his name. 

2. Apparaiiis for determinatwM between 
0® 0, and 50® C. This apparatus (Fig. 94) 
is a slightly altered form of Dalton’s ap- 
paratus descril^ed above. Between 0® C. and 
50® C. the maximum pressure of aqueous 
vapour is less than 10 cm., hence it is neces- 
sary to surround only the upper parts of the 
tubes with water, as in Exp. 85. 

I’his was done by fitting the tubes into a 
metal box, B, which was closed in front by a 
window of plate-glass, through which the 
measurement of the difference of level in the 
two tubes could be accurately made. The 
temperature of the water in B was varied 
liy means of a spirit lamp adjusted at different distances 
from the bottom of the box. 

3. Apparaivs for deierminaiwne above 50® 0. In this 
apparatus (shown in Fi^. 105) a principle different to that 
adopted in (1) and (2) is employed. Eegnault applied the 
fact that, when a liquid boils, the maximum vapour 
pressure corresponding to the temperature of ebullition is 
equal to the external pressure. This question is fully 
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considered in Art. 139, where the apparatus here referred 
to is described. 

Ma^us and Bulong and Arago also made careful deter- 
minations of the maximum pressure of aqueous vapour at 
different temperatures, and obtained results almost identical 
with those of Regnault. 

The following table gives, in a convenient form, a 
summary of Kegnault’s results : — 


TABLE OF PBES8UEE OF AQUEOUS VAPOUR. 

[Rkonault.] 


Tenipomture. 

Prewure in Mm. of 
Moroury at O'^C. 

Temperature. 

Pressure in Mm. of 
Mercury at (P C. 

- 10^ C. 

21 

70" C. 

2331 

- .5^C. 

31 

80" C. 

354*6 

0“C. 

4*6 

90" C. 

525*5 

5 0. 

6-5 

95" C. 

6:33*8 

10" C. 

9-2 

100" C. 

760*0 

15" C. 

127 


1 stmos.) 

20" C. 

17-4 

iio"a 1 

1075*4 

.30" C. 

31*5 

120" C. 

1491*3 

40" 0. 

54*9 

150" a 

3581*0 

50" C. 

92*0 


(=4 7 atmos.) 

eo'C. 

148-8 

200" C. 

11690 

(= 15*4 atmos.) 


139. JDalton’s Laws of Vapours. So far we have con- 
sidered the production of vapoiu* in a vacuum, and in the 
experiments for the determination of maximum vapour 
pressure the vapour only was present in the closed spaca 
It is necessary now to inquire if the results obtained need 
to be modified when vaporisation takes place in a closed 
space containing air or other gas or vapour with which 
there is no chemical action. 

Exp. 88. Find whether tbe maximum pressure of a 
particular vapour, say ether vapour, at a nven temj^ra* 
ture is llie same whether vaponsation take place in the 
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presence of a gas, such as ak, or in a vacanm. For this 
purpose the apparatiis shown in Fig. 95 may be used. 

The apparatus is a modification of Boyle’s Law 
apparatus (see Fig. 56). The closed tube V 
is replaced by the tube AB with two stoj^ocks 
S, and Sj. Dry air is first introduced into 
this tube and its pressure measured in the 
usual way. 

A small quantity of the liquid to be vapor- 
ised is then placed in the funnel of the tube 
and by opening and closing the stopcocks S, 
and Sj in order a few drops of the liquid may 
be introduced into the tube. The increase of 
pressure due to the vapour may then be deter- 
mined by arranging the position of the mano- 
meter tube, M, so that the air in A B is kept 
at constant volume. If sufficient liquid is 
present the maximum pressure of the vapour 
in the presence of air (or other gas) may thus 
be determined. It will be found to be the 
same as in a vacuum. 

Exp. 89. Show that when two liquids, 
such as water and carbon bisulphide, which 
do not react chemically are present in the 
same space the maximum vapour pressure 
exerted is the sum of the maximum vapour 

Fig. 95. pressures which would be exerted by the 
vapours of these liquids if separately con- 
fined at the same temperature. 

Measure separately by the method of Exp. 81 the 
maximum vapour pressures of water and carbon bi- 
sulphide at the ordinary temperature and note values 
obtained. 

Take a piece of barometer tubing, ABC, about 160 cm. 
long, bend it at the middle to form a U-tube, fill with 
mercury and invert into a cistern so as to form a double 
barometer tube of the form shown in Fig. 96, and pass Fig. 96. 
one liquid, say water, up into one limb, A B, of the tube 
and the other liquid, carbon bisulphide, into the other limb, C B. 
The vacuum space will now be saturated with a mixture of the 
two vapours and the pressure depressing the mercury columns 
will be the pressure due to this mixture, ^is pressure should be 
measured and oompared with the sum of the individual maximum 
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pressures of the vapours. It will be found that the pressure of the 
mixture of the two saturated vapours is equal to the sum of the 
maximum pressures exerted separately by these vapours. 

An important point of difference between Exp. 88 and 
Exp. 89 should be noted. In Exp. 88 the pressure of the 
air depends, in accordance with Boyle’s Law, on the 
volume it occupies, and in order to get the same air 
pressure before and after the introduction of the vapour 
it is necessary to adjust to the same volumes in each case. 
The pressure of a saturated vapour at a given temperature 
is the same whatever the volume it occupies^ and so no volume 
adjustment is necessary' in Exp. 89. 

If other experiments similar to those described above be 
performed, it will always be found that, in the case of a 
mixture of gases or vapours, or of both, between which 
there is no chemical action, the pressure of the mixture is 
the sum of the individual pressures of the constituents of 
the mixture, each constituent exerting, as a part of the 
mixture, the same pressure as it wpuld exert if it alone 
occupied the whole space occupied by the mixture. Thus, 
if a small quantity of ordinary moist air be passed up into 
the “ vacuum ” space of a barometer tube the space becomes 
occupied by a mixture of nitrogen, oxygen, carbonic acid 
gas, water vapour, and mercury vapour. Each constituent 
of this mixture exerts a definite pressure, which is the same 
as it would exert if it alone occupied the whole space 
occupied by the mixture, and the pressure of the mixture 
is the sum of the pressures that would be exerted by these 
individual constituents separately. 

These results have been formulated as laws which are 
usually known as Dalton’s Laws. They may be stated as 
follows ; — 

(i) The maximum pressure exerted by a particular vapour, 
in a closed space, at a given temperature, depends only on 
that temperature, and is independent of the presence of 
other vapours or gases having no chemical action on it. 

(ii) When several vapours and gases, having no chemical 
action on one another, are present in the same space, the 
actual pressure exerted by the mixture is the sum of the 
pressures which would be exerted by quantities of the 

H.T.P. 14 
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constituents, equal to those which are actually present, if 
separately confined in turn in the same space. 

The first of these laws deals with maximum pressure, and 
is therefore applicable only when the space is saturated 
with the vapour considered ; the second law is applicable 
whether the space is saturated or not. 

In the cases of saturated vapours these laws are only 
true when these vapours are the vapours of liquids which 
do not dissolve in or mingle with each other, e.g, water and 
carbon bisulphide. Wlien the liquids mutually dissolve 
each other, as do water and alcohol, the vapour pressure of 
the mixture is less than the sum of tlie vapour pressures 
which they would separately exert at the same temperature. 
This could be tested by an experiment exactly similar to 
Exp. 89. 

180 . The preiBare of mercaiy vapour. Mercury exerts a vapour 
prea.sure which allhough excessively Biuall at ordinary teniperatui'cs 
is quite appreciable at higher temperatures. Accurate determina- 
tions of the maximum vapour pressure of mercury are very difficult 
to make. The following table gives the latest results : — 


Tflmiwrature in 
D«greM Centigrade. 

Vapour Preeeure of Mercury 
in Mm. of Mercury at (PC, 

0 

'0002 

50 

0122 

100 

•276 

200 

17-81 

300 

248 6 

mi 

760-0 


These results explain why in barometer tube experiments the 
pressure of the mercury vapour necessarily present can lie neglected 
at ordinary temperatures. Other liquids having veiy small vapour 
pressures are some oils, glycerine, strong snlphurio acid, etc. 

181. Saturated and unsaturated vapours. When a space 
18 saturated with vapur, in contact with its liquid, at a 
nven temperature, this vapour exerts its maximum pressure 
lor that tempemtuie, and is also at its maximum density 
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for that temperature, because the greatest possible quantity 
of vapour has been introduced into the space. Vapour in 
this condition is sometimes called saturated vapour. When 
vapour, at a given temperature, exerts a pressure less than 
its maximum pressure for that temperature, it is said to be 
unsaturated. 

Vapur in contact with its liquid, in a closed space, 
rapidly becomes saturated, for when a steady state is 
reached, the presence of the liquid is a proof that the 
limit of vaporisation has been attained. 

The behaviour of saturated vapour under change of 
pressure and temperature should be considered. Saturated 
vapour, at any temperature, exerts the maximum pressure 
corresponding to the temperature, and hence any attempt 
to increase its pressure, e.g. by compressing it in a clos^ 
tube, must necessarily fail if any of the liquid be present ; 
the only effect produced by such an experiment would be 
the condensation of part of the vapour in the space, because, 
the vapour being already at its maximum density, for the 
given temperature, any attempt at further compression 
causes it to pass gradually into the liquid state, while its 
pressure remains constant. 

If liquid be not present, and in other exceptional cases, 
it is possible that the vapour should exert a greater pres- 
sure. It is then supersaturated. But supersaturation only 
occurs in practice if foreign matter, e.g. dust, is carefully 
excluded. 

On the other hand, if saturated vapour is allowed to expand 
in the presence of its liquid, its pressure remains constant, 
and the liquid present is gradually converted into vapour, 
because, directly any small increase of volume takes place, 
the pressure of the vapour, in accordance with Boyle’s law, 
tends to fall below the maximum pressure corresponding 
to the conditions of the experiment, and hence vaporisation 
of the liquid present becomes possible, and thus the pressure 
is maintained constant. If, however, there is no liquid 
present, the pressure of the vapour decreases on expansion 
m approximate agreement with Boyle’s law, and the vapour 
becomes unsaturated. 

The iniiuence of change of temperature on a saturated 
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vapour also depuds on wLethei* it« liquid is present or not. 
If a liquid and its vapour are heated in a closed space the 
liquid is converted into vapour, and the pressure increases 
at such a rate that, at any given tempeiuture, the vapour 
present in the space saturates it, and the pressure exerted 
IS the maximum pressure for that tempemture. Similarly, 
if saturated vapour is cooled in a closed space, in contact 
with its liquid, the vapour condenses and the pressure 
decreases in such a way that, at any given tem|)erature, 
the quantity of vapour present in the space is just sufti- 
eient to saturate it, and the pressure of the vapour is the 
maximum pressure for the given temperature. 

If, however, saturated vapour is heated, in the absence 
of its liquid, it immediately becomes unsaturated and ex- 
pands in accordance with Charles’ law, or, if the heating 
takes place at constant volume, its pressure increases in 
the same way as that of an ordinary gas. On the other 
hand, if a saturated vapour is cooled in the absence of its 
liquid condensation does not always take place at once. 
The vapour may become supersaturated, and then olx^ys 
Charles’ law. 

Unsatorated vapours behave as ordinary gases under 
change of pressure and temperature — that is, so long as 
they remain unsaturated they obey both Boyle’s and 
Charles’ laws. * To understand this it should be remem- 
bered that, for any given vapour, there is, for each 
temperature at which it can exist, a definite maximum 
pressure corresixuiding to that tem{>erature, and conversely, 
for any given pressure to which a vapour is subjexited, 
there is a temperature at which this pressure is the 
maximum. 

Hence, if an unsaturated vapour, at a given temperature, 
is subjected to increase of pressure, its volume det^reases in 
approximate accordance with Boyle’s law, until a pressure 
is reached which is the maximum pressure for the given 
temperature, and therefore at this pi-essure the vapour 

• Unsaturated water vapour praotioally obeys Boyle’s law until 
the pressure reaches four-nfths of the maximum vapour pressure 
^Ke|pnault). 
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becomes saturated. Any further increase of pressure 
produces condensation, as described above, unless the con- 
ditions permit of supersaturation. Again, if an unsatu- 
rated vapour is cooled, at constant pressure, its volume will 
decrease in approximate accordance with Charles’ law until 
a temperatui’e is reached for which the given pressure is 
the maximum, and thei-efore at this temperature the 
vapour l^ecomes satunited, and further cooling produces 
condensation, 

132. Vapour and gas. An unsaturated vapour at tem- 
peratures considerably higher than the boiling point of the 
liquid from which it is derived is usually called a gas. 
The teclmieal difference between a vapour and a gas turns 
upon the following point. If an unsaturated vapour is 
below a ct^rtain tempemture, known as the critical tern- 
peraiure * for the substance, it can always be condensed or 
liquefied by inci'easing the pressure until the maximum 
pressure for the temperature is reached. If, however, the 
vapour be above the critical temperature, it cannot be 
condensed by increiise of pressure however great, and is 
proi^erly called a gas. Hence a gaseous substance at tem- 
peratures below its critical temperature is properly called 
a vapour^ but above the critical temperature it should be 
cjilliJl a gas. Tlie critical temperature for carbon dioxide 
is 30 9^^ C. ; hence above this temperature carbon dioxide is 
a gas, but below this temperature, if apparently gaseous, 
it is the vapour of liquid carbon dioxide. 

133. Vapour pressure thermometers. As pointed out in 
Arts. 126, 127, the maximum vapour pressure of a liquid 
ilepends only on the temperature of the liquid. If pre- 
vious workers have determined and tabulated once for all 
the maximum vapour pressure of a liquid at all tempei'a- 
tures, then, as Kelvin pointed out long, ago, the process 
may be reversed and a vapour-pressure determination may 
be used to find the temperature. This method is without 
several of the troublesome errors which complicate mer- 
curial thermometry. A possible form of a vapour-pressure 

• For meaning of critical teinperature seeCh. XVII., Art SS7. 
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thermometer for moderate temperatures is shown in the 
accompanying diagram (Fig. 97). 

F Tlie lower half of the bulb B and a part 
of the tube CBP is occupied by mercury. 
There is a small quantity of ether above the 
mercury in B, all the air having been ^t rid of 
by boiling the ether for some time before seal- 
ing the top of the bulb. There is a vacuum 
alx)ve the mercury in I) P. The difference in 
the levels of the mercury in B and in D F is 
P a measure of the vapour pressure of ether at 
the given tejuperature. The difficulty in this 
method is to apply the proper correction for 
temperature (and therefore density) of the 
0 ^ bii'l^wicing column of mercury in D P. 

134 ^ Vapour density. Avogadro’s hypothe- 
Fig. 97. sis states that equal volumes of gases at the 
same temperature and pressure contain equal 
numbers of molecules. Since the molecular weight of 
hydrogen is 2 , it follows that under the same conditions of 
temperature and pressure 


The density of a gas 
The density of hydrogen 


Half the molecular weight of the gas. 


The most direct method of determining the molecular 
weight of a gas is to find its density relative to hydrogen ; 
in chemistry therefore vapour density plays a more impor- 
tant part than vapour pressure. 

If the substance is a gaa under ordinary conditions its 
relative density may be found by the simple process of 
taking a large glass vessel provided with a stoixjock and 
welching at ( 1 ) when evacuated, ( 2 ) when full of the gas 
at known temperature and pressure, (3) when full of 
hydrogen at known temperature and pressure. 

Let these three weights be w,, respectively. Then, 
if for simplicity we assiuue the temperatures and pressures 
to be the same in the two cases, we get 
Dens ity ^ the gss » J???. r 
density of hydrogen ir ^ - w/ 
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The density of hydrogen at (f 0. and 760 mm. pressure is, 
however, a well-known physical constant — 0*00009001 gm. 
per c.c. — which has ton determined once for all. The 
third weighing may therefore be dispensed with if we find 
in its place the volume of the bulb, and this is easily done 
by filling it with cold water and weighing. Let the weight 
filled with water be w* gm. 

Then 

Volume of bulb =* (w^ - wj c.o. 


Weight of hydrogen which would fill the bulb at (PC. and 760 mm. 
« - u/j) X 00009001. 

Now if C. and p mm. were the temperature and pres- 
sure when the flask was filled with the gas, the 


Weight of the gaa which would fill the bulb at (P C. and 760 mm. 

= (U>j . 

and therefore 


.i_v . 273 + ^ 760 


Density of the gaa 
Leuaity ot hydrogen 


(w, -w,) X 


273 4- « ^ 760 


273 p 

(u»4 - !0i) X -ootobbi 


Exp. 90. Find the density of dry air. How will you 
test if your pump will produce a vacuum ? If the exhaus- 
tion is not complete, how would you modify your experi- 
ments to give you the required results ? 

135. Determination of Vapour Density. If the substance 
is a liquid at ordinary temperatures and pressures it must 
be vaporised by heat, and then from the volume, mass, 
pressure, and temperature of a quantity of the vapour 
formed the density may be found. 

The chief pi^tical methods employed in the determina- 
tion of vapour densities are those of 0ay Lussao, DumaSi 
and Victor Meyor. 

(1) Gay Lussao’s (or Hofinann's) method. In this 
method a known weight of liquid is introduced above the 
mercury in a barometer tube. The tube is then heated 
to a known temperature. The liquid evaporates, and its 
volume and pressure are. then measured. The density 
then be found as descrito above. 



216 


FROPFiRTIBS OF VAPOT7B. 


Exp. 91. Find the moleonlar weight of carbon tetra- 
chloride. Set. up the appiiratus as shown in the adjoining 
figure (Fig. 98). A is a barometer tube, B a wider tube, 
used as a jacket, C a cistern of mercurj, D a lx)iler to 
supply steam to B, and E an exit tube for the steam 

from B. 

For A take a tube 
about 80 cm. long and 
15 cm. diameter. Clean 
it tiud seal one end. Fill 
it with clean, warm dry 
mercury, and invert it in 
the cistern of mercury, 
thus forming a baro- 
meter. This baromeU^r 
should be good enough 
to lead to witliin one 
mm. of a standard baro- 
meter. Measure the 
height H with a vertical 
metre scale, or, better, 
by a mm. scale etched 
on a long piece of plate- 
glass mirror placed be- 
hind A.* Take the tem- 
perature of the mercury 
and then calculate the 
height of the barometer 
atO°C. 

Now take a small glass- stoppered bottle (1’5 cm. long is a 
convenient size), weigh it, partly fill it with the tetrachloride, 
and weigh again. The difference gives w gm. the weight 
of liquid taken. Push the bottle under the end of . A. 
It quickly rises to the top of the mercvlry. Now pass 
steam through the jacket from D. A thermometer hung 
in B gives the temperature in B. As the inner tube gets 
hot the tetraehlonde vaporises, and the mercury column 

• If a scale on a thick plate-glass mirror is employed all errors o{ 
paraUax are easily avoided. 
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When the descent has ceased note the temperature fC., 
and read on the scale (1) the height of the top of the 
tube A, (2) the height of the mercury column, and (3) the 
level of the mercury in the cistern. The difference be- 
tween (1) and (2) gives the length of the tube occupied 
by the vapour. The difference between (2) and (3) multi- 
plied by (1 - *000182 1) gives the corrected height of the 
mercury column, and the barometric height less the height 
of the mercury column gives the pressure, p mm., of the 
vapour. 

The steam is now turned off and A taken out and 
cleaned. Fill the part of A previously occupied by the 
vapour with water (or mercury), weigh the water (or mer- 
cury) and so calculate the volume, v c.c., of the vapour. 

We have now the volume, v c.c., occupied by v) gm. of 
carbon tetrachloride at fG. and a pressure of p mm. of 
mercury. The molecular weight of carbon tetrachloride is 
therefore 


273 p 


^ -oooiOTr 


In this description no allowance has been made for the 
expansion of the scale or the glass. The correction is 
negligible. 


Example. Caloulate the molecular weight of oarboo tetrachloride 
from the following observations : Observed height of barometer at 
19“ = 773*5 mni. Weight of carbon tetrachloride = *1066 gra. 
Temperature of steam jacket = 101° C. Height of mercury column 
at 101° 0 . = 481 5 mm. Volume occupied by the vapour = 54*30 c.o. 
Using the notation alxive 

p = 773*5 (1 - 000182 X 19) - 481*5 (1- 000182 x 101) 

== 770*9 - 472*7 = 298*2 mm. 


54*30 O.O., f«10l°C. 

,*, inoleoular weight of carbon tetrachloride 


-2x 


*1066 374 7W 1 

X 00009001 


153. 


What does the formula (Xh give ? 

We have 

atomic weight of carbon = 12 

atomic weight of chlorine « 35*4 

whence the molecular weight of OCl* =» 12 -f 141 6 « 153 * 6 . 
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Fig. 99. 


(2) Dmnas* method. A light glaas bulb of about 200 c.c. 
content is drawn out to a fine point in the form shown in 
Pig. 99, It is weighed ; this gives the weight of the bulb, 
k; gm., filled with air at the observed temperature and pres* 
sure. By gently warming the bulb, ancl then placing the 
orifice beneath the surface of the liquid whose vapour density 
is to be determined and allowing the bulb to 
cool again, a quantity of the liquid is intro- 
duced. This should be in considerable excess 
of that requircid to fill the whole bulb with 
vapour, as it is necessary to ensure the air 
being expelled from the bulb in the process 
of vaporisation ; usually 5-10 c.c. will suffice. 

The bulb is now pla^ in a bath of heated 
liquid at a constant temperature T°C. which 
should be at least 20° C. above that of the boiling point 
of the liquid under examination. When it is seen that 
the whole of the liquid has been transformed into vapour 
the orifice of the bulb is sealed by bringing the blowpipe 
fiame to it. We have now, presumably, the glass buib 
quite filled with the vapour at the temperature of the bath 
and the pressure of the atmosphere. After cooling the 
bulb is weighed ; let its weight be gm. 

The end of the sealed tube is then broken off under 
water ; the water rushes in and completely fills the bulb. 
The latter is now again weighed, together with the piece 
broken off. This gives the weight, gm., of the bulb mled 
with water. Then the volume of the bulb = w, — lo o.c.* 
Let p mm. of mercury and C. be the pressure and 
temperature at the time of the first weighing. The weight 
of the air filling the bulb at this pressure and temperature 


= (w, - 10) X -001293 X “y-. 

Then the weight of the bulb if evacuated = ~ as, and 

the weight of the vapour contained in the bulb at the second 
weighing = Wj — (i4? — a;) = w, — w -f 


* This is not quite exact, bat the error is negligible oompared 
with the errors oi experiment and with the deviations from the gas* 
laws of vapours not far above their oondensatimi temperatures. 
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This weight of vapour has a known volume — that of the 
bulb at a known temperature, that of the bath, and at a 
known pressure that of the atmosphere at the time the 
bulb was sealed. From these data the weight of 1 c.c. of 
the vapour can be calculated at 0'^ C. and 760 mm. on the 
assumption that the gas-laws can be applied. The result 
divided by *00009001 (the weight of 1 c.c. of hydrogen at 
0® C. and 760 mm.) gives the vapour density of the sub- 
stance. 

Several corrections have been omitted in the above, but 
a high order of accuracy is not possible and, indeed, is 
unnecessary, since the purpose is only to decide whether the 
molecular weight is M, say, or some multiple of M. 

Dumas’ method as described above can only be used at 
temperatures below the softening temperature of glass 
(400° C.). Deville and Troost and others have substituted 
porcelain and metal for glass, and thus made the method 
applicable up to very high temperatures. 

Exp. 92. Find the vapour density of ohloroform by Dumas* method. 

(3) Victor Meyer’s method. This method also possesses 
the advantage of being applicable over a considerable range 
of temperature; it is also easy to manipulate, and the 
determination can be made with a small quantity of the 
substance. 

The apparatus is represented in Fig. 100. It consists of 
a rather wide glass tube A narrowed in the upper part and 
then widened again near the top so as to adimt an india- 
rubber stopper, the whole length of the tube being about 
600 mm. Near the top of the narrow tube there is a side 
tube B 0 of the form shown. Surrounding the tube A is a 
wider tube D containing a quantity of water, naphthalene 
or other substance suitable for heating the glass bulb, 
according to the temperature required to volatilise the 
substance under examination, the bulb being so placed as 
to leave a clear space all round it. 

A graduated tube E is filled with water, inverted, and 
got ready for placing over the end of the side tube. The 
stopper being insert^ in its place, the jacket is heated , and 
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the temperature of the glass tube raised in this way to 
that of the vapour of the bath. Owing to the expansion 
of the air bubbles pass out into the graduated tube 

When the teun)eraturo becomes constant the bubbles 
cease, E is placed over the end of B C, the stopper is with- 



Fig. 100. 


drawn from A and a weighed amount (up to 2 gm.) of the 
substance in a tiny bottle or bulb * is dropped in and the 

* A little sand, glass, wool, or asbestos should be put in the 
bottom of the tube to prevent it being broken when tne bulb is 
dropped in ; also a device may be used by which the substance may 
be dropped into the tube without removing the stopper. 
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stopper immediately replaced. If the experiment is suc- 
cessful, the substance will be rapidly vaporised, and an 
equivalent volume, v c.c., of air will be expelled through 
the side tube. This is carefully measured and the pressure 
and temperature, t° C., of the room noted. If h mm. is 
the height of the water surface in E above the water 
surface in the vessel in which it stands and / mm. is the 
maximum vapour pressure of water at t°G., then the 
volume in cubic centimetres that the air in E would have 
at 0°C. and 760 mm. is given by 


__ 273 

Y -vx X - 


T:v6 ^ 
' 7 W) ' 


If w gm, was the weight of liquid placed in the bottle, 
then the density D of the vapour compared with hydrogen 
under the same conditions is given by 

I) » „ 

•00(KK)()01 X V 


Provided only the temperature of the jacket is constant 
and sudiciently high to ensure rapid vaporisation of the 
substance, the actual temperature employed need not be 
known. This will be clear if it 1x3 rememl)ered that the 
volume of the air which is actually dispkiced and collected 
in the giuduated tulx3 is at the temperature of the room ; 
the vapour of the substance occupies precisely the volume 
which this air would have occupied at the temi)eratiire of 
volatilisation. We have therefore the volume which the 
vapour would occupy if it could be collected as a vapour 
at the temperature of the room. 


Exp. 98. Use Meyer’s apparatus to find the density of ether vapour 
relative to that of hydrogen. Employ water in the jacket 

Example. A small bottle containing 054 gm. of ether was dropped 
doMm the inner tube of a Victor Meyer’s vapour density apitaratus. 
The air ex (Milled occupied 180 c.c. at 2PC., the barometric height 
being 765 mm. and the height of water in the oolleoting tube bemg 
140 mm. above the level of water in the trough. Find 
molecular weight of ether vapour. 
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From Regnault’a tables (p. 279),/ « 18 mm. 


765- 


Then 


V = 18*0 X ^ X — 

=a 16*2 O.O. 

.•.D = 

•000090 X 16-2 


140 

13'6 


- 18 


760 

^ 37 . 


The raoleoular weight of ether is therefore 74. 

Confirm this from the fornmla (C^Hs)./). 

136. Vapour Densities of Saturated Vapours. It is a 
harder task to determine the density of a saturated vapour 
than the density of an unsaturated 
vapour. 

In order to determine the volume 
of unit mass of saturated steam at 
any temperature, Fairbaim and Tate 
used the apparatus shown diagram- 
matically in Fig. 101. The bulb A 
contains a known weight of water, 
and the outer vessel B contains 8ufi[i> 
dent water to secure saturation at all 
temperatures. The vessels contain no 
air, only water and water vapour, and 
the mercury which separates the water 
and vapour in A from that in B. 
The att^hed manometer, M, indicates 
the pressure in B, and it is evident 
from the %ure that so long as the 

I I pressure in A is equal to that in B 

the level of the mercury inside and 
outside the tube c d will not change, 
i In experimenting, ihe whole appa* 

I ratus is raised in temperature until 

the mercury in c d begins to rise. It 
is then known that at this tempera- 
ture the mass of water in A is just 
sufficient to fill Hie volume of A as saturated steam at 
that temperature. The volume of A can be determined 
by calibration with merouiy, and hence the volume of unit 



Fig. 101. 
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mass of the saturated steam or, if required, the density of 
saturated steam may be determined at the observed tem- 
perature. 


EXERCISES X. 

1. What beoomea of the ateam which the boiling water in a kettle 
discharges into the air? 

2. Give a sketch showing the general shape of the curve repre- 
senting the relation between the vapour pressure and temperature 
of water. 

3. A closed vessel is filled with dry air at a temperature of 16® C. 
and a pressure of 763*7 nim. of mercury. Without allowing any of 
the air to escape it is saturated with moisture. The temperature is 
now raised to 25® C. Find the total pressure. 

4. A quantity of hydrogen is collected, over water, in a eudio- 
meter tube. The height of the column of water left in the tube is 
40*8 mm., and its temperature is 15® C. ; find the pressure of the 
hydrogen in the upper part of the tube. (Take the height of the 
barometer at 768 mm.) The space occupied by the hydrogen is 
saturated with aqueous vapour. (Consult Table, p. 273.) 

6. A quantity of dry air measures l,0(X)o.om. at 10® C. and 
700 mm. pressure. If the same quantity of air is heated to 30® C. 
and saturated with aqueous vapour at that temperature, what must 
be the volume of the moist air, in order that the pressure may re- 
main unchanged ? (Tension of aqueous vapour at 30® C. - 31 55 mm. ) 

6. A bubble containing 0*01293 milligram of air is formed, 136 
ram. below the surface of water at 80® C. Find its volume. [1 c.cm. 
of air weighs 1*293 milligrams at (FC. and 760 mm. pressure; 
height of teromoter «» 760 mm. ; remaining datum required may be 
obtained from table given on p. 273.] 

7. Calculate the molecular weight of water from the following 
data obtained by Gay Lussao’s method : — 

Weight of water *0392 gm. Temperature of bath « 100*5® C. 
mrometrio. height « 763*4 mm. Height of mercury culumn 
(at 100 6® C.) =a 235*6 mm. Volume of water vapour = 96*7o.o. 

8. Calculate the molecular weight of chloroform from the fol- 
lowing data obtained from Dumas’ method - 

Capacity of bulb 127 o.o. Temperature of bath » 136® C. 
Weight of vapour « 0*4524 gm. 

9. Calculate the molecular weight of a substance from the fol- 
lowing data obtained by V. Meyer’s method 

‘027 gm. of liquid sent off 11*1 o.o. of air at 11® 0. and a total 
pressure of 33 ft. of water (atmospheric pressure « 34 ft. of 
water). 
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TIfE HIGHER CHANGE OF STATE, 

Vaporisation and Condensation. 

137. Vaporisation and condensation. The process of 
change from the liquid to the vapour or gaseous state is 
known as vaporisation. The reverse process which takes 
phice when a vapour changes into a liquid is known as 
condensation. The general phenomena of vaporisation and 
condensation are closely analogous to those of liquefaction 
and solidification, but the subject is complicated by the fact 
that a liquid gives off vapour at all temperatures and by 
the influence of external pressure. The simpler pheno- 
mena of the change are illustrated by the following ex- 
periments. 

Exp. 94. Place some water in a flask fitted with a ther- 
mometer and tuU^ as sliowu in Pig. 10*2. 
Arninge the thermometer so that the 
bulb is well immersed in the water, but 
not too close to the bottom of tlie flask. 
Heat the flask gently and observe the 
bf*haviour of the liquid and tlie readings 
of the thermometer. 

As the heating goes on the temj)era- 
ture rises and the vapour which is given 
off from the surface of the water at all 
temperatures is observed to condense in 
the neck and delivery tube of the flask 
and to form a cloud of condensed vapour 
at the mouth of the tube. As the tem- 
perature rises this escape of vapour at the surface becomes 
more marked, and small bubbles of air form and escape 
from numerous points on the walls of the flask. 
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Fig. 102. 
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Ultimately, however, the temperature becomes stationary 
at a fixed point (100"^ C.), and the liquid becomes agitated 
by the rapid escape of bubbles of vapour throughout its 
mass and is said to boil. If heating is continued the boil- 
ing goes on steadily and the water boils away,” — ^that is, 
changes to water vapour or steam ; but the temperature 
remains practicalljr constant throughout the process. If 
the thermometer is now raised so that its bulb is not in 
the water but in the steam, it will be found that the temper- 
ature still remains constant at the same point. This con- 
stant temperature is called the boiling point of the water. 

If the process of boiling is carefully watched it will be 
seen that the bubbles of vapour escape through the liquid 
from points on the walls of the flask and that the con- 
tinuance of the process is fiicilitated by placing a few pieces 
of porous tiles, charcoal, broken glass or scraps of platinum 
foil in the flask. 

Exp. 98. Repeat the above experiment (i) with alcohol and (ii) 
with ether, taking great care that the vapours do not go near the 
flame, as they are inflammable and explosive. The general progress 
of the experiment will be found to be the same for each liquul as for 
water. Each liquid will, however, be found to have a distinctive 
boiling point— lOb’C. for water, about 78“ C. for alcohol, and about 
35“ 0. for ether. 

From these and former experiments we see that 

1. A liquid gives off vapour from its free surface at all 
temperatures by the process of evaporation. 

2. A liquid changes by boiling or ebullition from the 
bquid state to the vapour state at a temperature which is 
constant throughout the process of ebullition. This con- 
stant temperature is the boiling point of the liquid under 
the conditions of the experiment. 

3. Under given conditions each liquid has a distinctive 
boiling point characteristic of the liquid. 

138. Condensation. During the process of condensation 
the phenomena of vaporisation are observed in the reverse 
order. The temperature at which condensation takes place 
is identical with the boiling ^int under the same condi- 
tions, and just as a liquid m ooiling at a given tempera* 
n. T. p. 15 
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ture gives rise to vapour at the temperature of the liquid, 
so a vapour in condensing gives a liquid at the temperature 
of the vapour. Thus, for example, when water boils at 
100® C. the steam produced is also at 100® C., and when 
this steam condenses the condensed water is, when first 
formed, also at 100® C. 

In experimental work it is often necessary to facilitate 
condensation. This is usually effected by the aid of an 
arrangement known as a eondiruer. The simplest form of 



condenser is the double tube condenser (Pig. 103), which 
consists of an inner tube surrounded by a wider jacket 
tube. The vaj^ur is passed into the inner tube and a 
current of cold water is passed through the jacket tube. 
The cooling effect of the cold water causes the v^ur to 
condense, and the condensed liquid may bo run off into a 
receiver, or, the condenser being placed sloping Upwards, 
allowed to run back into the vessel in which the vapour 
is educed. 

(hie condenser shown in Fig. 103 is oommonlv known 
as Liehifs condenser. Water or other liquid is Ix^iled in 
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the upper flask and the vapour passes into the inner tube 
of the condenser. The condenser is kept cold by cold 
water which enters at the lower end and leaves at the 
higher end. The condensed liquid trickles down the 
condenser tube and collects in the lower flask. 

Another form of condenser is that in which the vapour 
is condensed in a spirally coiled tube, known as a worm, 
which is surrounded by cold water (see Fig. 121). 

Exp. kfl. Fit up a simple form of condenser and use it 
to prepare distilM water from muddy water or water con- 
taining salts in solution. The jacket tube may conveniently 
be a wide glass tube (1 to 14 in. in diameter, 18 in. long) 
closed at its ends by corks through which the vapour tube 
and the water inlet and outlet tubes pass (see Q-, Fig. 105). 


139. Influence of pressure on the boiling point of a 
liquid. The quantity of the liquid, the size and material 
of the flask,* the rate of heating may all be changed with- 
out causing any appreciable change 
in the boiling point, but a change in 
the pressure to which the surface of 
the liquid is exposed makes a ma- 
terial change in the boiling point. 

This fact is simply illustrated by the 
following well-known experiment. 

Exp. 97. Perform PranMin’s ex- 
periment. Boil water in a strong 
20-oz. flask (Fig. 104) until all the 
air is expelled and its place taken by 
water vapour. Remove the source of 
heat, cork the flask tightly, and ar- 
range the flask in an mverted position. Allow the flask 
to cool in this position until boiling entirely ceases. Then 
pour some cold water over it so as to condense the water 
vapour in the space over the water. It will be found that 



Fig. 104. 


* The material of the flask has a slight effect on the temperature 
of the boilihg Uouid, but none on the temperature of the vapour 
airsing from the ooiling liquid. 
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the water again be^s to boil vigorously and may be made 
to do so for some time. 

The pressure on the surface of the water is evidently 
decreased by the condensation of the water vapour in the 
space over it, while it is also evident that the boiling point 
of the water is lowered, for the water was below 100° 0. 
before the cold water was poured on, and the final tem- 
perature is therefore well below tliis. 

Exp. 98. Heat water in a small copper boiler communicating 
through a condenser with another vessel, in which the pressure may 
be varied by pumping air into it or out of it. Fit a thermometer 
into the boiler so that its bulb is well immersed in the steam, and 
note how the boiling point indicated by it is affected by adjusting 
the pressure in the air reservoir so that the water boils under 
pressures dujhtly greater or less than the atmospheric pressure. It 
will be found that as the pressure increases the boiling point rises, 
and as the pressure decreases the boiling point falls. 

These experiments show that the boiling point rises and 
falls with the external pressure. 

It is now necessary to determine the boiling points for 
a number of measured pressures. There is considerable 
danger in experimenting in an elementary laboratory with 
boiling under pressures much greater than the atmospheric 
pressure, particularly with glass vessels, but for pressures 

less than the atmos- 
pheric pressui’e inves- 
tigation may bo made 
safely and conveni- 
ently by the method 
of the following ex- 
periment. 

Exp, 99, Omnwt up 
ft flask, F (Fig. 105), 
through a condenser, G, 
Fig. 105. to a large bottle or flask, 

R, which oommunicates 
with a IJ-tube mercury manometer, M, by a tube, A, and with a 
water filter pump by a tube, C, which is provided with a clip. R is 
kept in » bath of cold water. Its use is to keep the pressure con- 
stat by damping out small oscillations in pressure. It also serves 
to introduce a large volume of air into the apparatus. 
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The liquid to be experimented on is placed in the flask F, and 
the pressure under which it is made to wil is adjusted by means 
of the pump and measured by the manometer M. An accurate 
thermometer t fltkd into F, so that its bulb is immersed in the 
vapour of the liquid, gives the boiling point corresponding to each 
pressure. The vapour produced dunng boiling condenses in the 
condenser G, and the condensed liquid runs back into the flask F. 

The course of an experiment would be as follows Half 611 the 
flask F with the liquid, say water, connect up the ^paratus, turn 
on the water to the pump and condenser and heat the flask gently. 
When the column of mercury in the manometer tube on the reser- 
voir side rises to a height of, say, 10 cm. or 20 cm. above that on 
the air side shut off the pump by a screw clip or tap at C. w Ulow 
the heating to go on till the water in F boils gently and the read- 
ing of the tliermometer is stationary. When this is the case read 
the thermometer and the height of the manometer column simul- 
taneously and record the readings. Then turn on the pump until 
the mercury rises another 10 cm. or so and take another pair of 
rca<lings asoefore. 

This process is continual until a number of readings of boiling 
points and their corre8|K)nding pressures are obtained, the pressure 
in each case being given by the difference between the height of the 
barometer and the observed height of the manometer column. 

In an experiment of this kind the following readings might have 
been obtained — 


Boiling Toint. 

PreasuFe In mra. of mercury. 

96^0, 

657 

92“ C, 

" 667 

88° C. 

486 

81“ C. 

370 

74“ C. 

276 

67“ C. 

204 

69“ C, 

142 


A study of these figures brings out a very important 
result. It will he found on comparison with the table on 
p. 207 that the external pressure for each boiling point 
IS the same as the maximum vapour pressure for that 
temperature. 

By using a metal boiler instead of a glass flask F and 
pumping air into R instead of withdrawing it the tem- 
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perature of boiling can be observed for pressures greater 
than atmospheric. Usiug metal vessels, Regnault de- 
termined in this way the maximum vapour pressure of 
aqueous vapour for temperatures over 100° C. (Art. IJ^). 

140. The laws of ebullition may therefore be formally 
stated as follows : — 

1. Ebullition takes place in a liquid at the temperature* 
for which the maximum pressure of the vapour is equal to 
the external pressure. 

2. The temperature at which ebullition takes place, 
under a constant pressure, remains constant throughout 
the process. This temperature is known as the boiling 
point under the given pressure. 

The temperature at which ebullition takes place under 
the normal pressure, which is equal to that due to 760 
millimetres of mercury at 0° C. at sea level in latitude 45°, 
is the boiling point usually assigned to a liquid. 

The latitude and height of the place of observation must be 
given for the pressure due to a liquid column is equal to the product 
of the height of the column, the density of the liquid and the 
acceleration due to gravity. The last factor depends on the latitude 
and height of the place of observation. 

If X is the latitude and h the height in feet of the place of observe* 
tion above the sea level the normal pressure is 

760-000 + 1-94562 cos 2X + 0-000(H55A 
millimetres of mercury at (f C. 

For South Kensington X = 6r*3(f and X « 60 ft, hence the stan- 
dard pressure is 

760-000 + 1-94562 cos 103^ + 0-000(466 x 60, 

whion is equal to 769*66 ram., or practically 769 *6 mm. 

This means that a mercury column at South Kensington, 759*6 mm. 
in height, exerts a pressure equal to that exerted by a column 
760 ram. in height in lat. 45*^, hence the boiling point of water is 
100” C. in South Kensington when the barometer (corrected for 
temperature) reads 769*6 mm. 


* Temperature, in each of these laws must be understood to mean 
temperature of the vapour produced. The tem^rature of the liquid 
is slightly higher and is found to vary slightly with the nature ot 
the smia^ of vessel in which it is boil^ 
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8, Under given conditions each liquid has a distinct 
boiling point characteristic of the liquid. 

141. These laws may be illustrated by the following 
experiments : — 


Exp. 100. Take a glass tube about a foot long and a 
quarter of an inch in diameter. Close one end and bend 
it as shown in Pig. 106, A. Pill the tube with mercury to 
about 15 millimetres from the open end. Pill the remain- 
ing portion with water. Close the tube 
with the thumb ; by inverting the tube 
pass the water round the bend into the 
short limb where it rises to the top of 
the mercury. Now jerk sufficient mer- 
cury out of the open limb to bring the 
level of the mercury in this limb below 
that of the mercury in the short limb. 

Now place the tube, as shown in B, in 
the steam from water boiling in a wide- 
necked flask. 

In a short time a portion of the water 
in the closed limb will be converted into 
steam, and this steam being saturated 
will exert the maximum pressure corresponding to the 
temperature of the surrounding steam. It will then be 
found that the mercury assumes the same level in both 
limbs of the tube, thus showing that the maximum pres- 
sure of water vapour at the boiling point is equal to the 
pressure under which boiling takes pl^. * 





Fig. m 


Exp. 101. Take a siphon barometer tnbe, introduce sufficient 
meroury to mve the barometrio height, and oomplete the manufac- 
ture of the mrometer in the usual way. Then add some water to 
the short limb, draw out the top to a fine hole, and by boiling '^e 
water for some time expel all the air from the spaoe over the water 


* Enough water muat be placed in the short limb to saturate the 
space, if more than enough has been inserted a correction must 
be applied for the water left resting on the merouiy in the short 
Hmb. 
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and close the end of the short limb by the blowpipe. When the 
limb is cold a layer of water will rest on the meroury while the space 
above oonUiiiis only water vapour. 

Now surround this limb with a steam jacket tube as 
shown in Fig. 107. Pass a steady current of steam from 
water Ixjiling under the atmospheric pressure through this 
jacket tube and it will be seen that the steani formed in 
the wide limb of the barometer tube displaces the mercury 
into the narrow limb until the diffei'cneo between the 
levels in the two limbs is exactly equal to the height of the 
barometer. This shows that the maximum pressure of the 
water vapour at the temperature of steam from water boil- 
ing under atmospheric pressure is equal to the atmospheric 
pressure. 

As the diuerenee in the level of the mercury columns is 
dependent only on the temj)eraturo of the water and its 
vapour such an instrument, if well made, acts as a ther- 
mometer. (Sec also Art. 188.) 

142. Ebullition or Boiling. The theory of this 
process can now be more fully considered. Con- 
Fig. 107. aider a bubble of air in a liquid ; its walls are 
formed by the liquid, and from these walls evapora- 
tion goes on until the .space which they enclose l)ecome8 
saturated with vapour. Let V denote the initial volimio 
of air in the bubble, and P the hydrostatic pressure to 
which it is subjected. The value of P is determmed by the 
position of the bubble in the liquid ; if it is at a depth d 
below the surface, then P is equal to the atmospheric pres- 
sure, plus the difference due to a column of the liquid of 
height d. 

As evaporation goes on into the bubble, the pressure 
exerted by the vapour increases, until it becomes equal 
to F, the maximum vapour pressure corresponding to the 
temperature of the liquid. But, as the total pressure in 
the bubble must, so long as the bubble remains in the 
same position, be equal to P, the pressure of the air in 
it must, according to Dalton’s second law, be equal to 
(P — F). Hence, if V' denote the volume of the air after 
the bubble is saturated with vapour, we have, by Boyle’s 
law — 



VP-V'(P-P).orV- 
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. From this it is evident that V' increases as (P — F) 
diminishes, and becomes infinitely great when P — F = 0 ; 
that is, when F = P. This means that when the tem- 
perature at any point in any liquid is such that the 
maximum vapour pressure for that temperature is equal 
to the hydrostatic pressure at that point, then if a bubble 
of air, gas, or vapour forms at that point its volume will 
tend to become infinitely great — that is, it will give rise to 
an infinite number of bubbles charged with vapour, which 
rise through the liquid, and escape at its surface. This 
process of formation of vapour in the interior of a liquid, 
and its final escape at the surface of the liquid, is called 
boiling or ebullition. 

We here neglect the pressure due to the surface tension 

2T 

of the walls of the bubble. This pressure is equal to 

where T denotes the surface tension of the liquid-gas sur- 
face and r the radius of the bubble, and the pressure 
inside the bubble must be greater than the external pres- 

2T 

sure by this quantity. Wlien r is very small — is 

V 

evidently very great, and its magnitude explains why a very 
high temperature may be necessary to cause the formation 
of minute vapour bubbles in a perfectly gasless liquid. 

If a liquid is placed in an ordinary glass vessel and 
gradually heated, the temperature rises, and evaporation 
goes on freely at the surface of the liquid. Before long, 
however, small bubbles of air are seen to form on the walls 
of the vessel, and from them minute bubbles are ^iven off, 
and rise to the surface; as the temperature rises, this 
process goes on more rapidly, and bubbles are given off 
freely from the different points on the walls of the vessel, 
where air bubbles have been seen to form. 

If the heat is applied from below, the upper layers of 
the li<^uid will be colder than the lower ones, and it will 
be noticed, at a certain stage of the heating, that bubbles 
given off from points near the bottom of the vessel are 
condensed in the upper colder layers before reaching the 

• See Wagstaff : Pro^^m oj § 269. 
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surface. The condensation of these bubbles of vapour is 
accompanied by a peculiar noise familiarly known as 
iiig. On further beating the temperature of the liquid 
bwomes more uniform, and large bubbles of vapour rise 
rapidly tn the surface and escape. The liquid is thus kept 
in a state of agitation known as boiling. 

It thus appears that the commencement of ebullition in 
a liquid is dependent on the presence of bubbles of air, or 
other gas, in the liquid or on the walls of the vessel in 
which it is heated. Experiment shows this to be the case ; 
provided no bubbles of air form, the liquid may be raised 
to a temperature considerably above its boiling point with- 
out entering into ebullition ; but if, in any way, a bubble 
of vapour or any gas is introduced, boiling at once takes 
place with explosive violence. 

On the other hand, the presence of a very minute quan- 
tity of air or other gas in a liquid is sufficient to produce 
continuous boiling as long as any liquid is left. This can 
be shown by dropping a small glass bulb containing air 
and drawn out to a very fine hole into a liquid heaW to 
its boiling point; the air in the bulb will give rise to 
thousands of vapour bubbles without being appreciably 
diminished in volume. 

The same purpose is also served by the fragments of 
charcoal, ^rous pot and broken glass used to steady the 
boiling of liquids in many chemical and physical operations. 

143. Papin’s digester. If heated in a closed vessel water 
may be raised to veiy high temperatures. This fact is 
often of great utility in the industrial arte. An instance 
of its application is found in Papin’s digester, which is 
used for the purpose of subjecting substances to the action 
of water at a temperature considerablv higher than 100° C. 
It consists of a strong bronze vessel, covered with a lid 
secured by a screw and fitted with a safety valve, to prevent 
the internal pressure becoming greater tlian the vessel can 
sustain. Again in the boiler of a steam engine the tem- 
perature rises considerably if the steam is not drawn off. 
For example, if the gauge registers 55 pds. per sq. in. the 
temperature within is about 150° 0. (Of. Table, p. 207.) 
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144. The hypiometer. This instruinent (Fig. 108) is 
merely a small Tessel conveniently constructed for observing 
the boiling point of water at any place. It consists of 
a small boiler heated by a spirit lamp, and is provided 
with a delicate thermometer which is surrounded by steam 
in the upper part of the vessel. The steam es- 
capes at the top by a small side tube which 
communicates with the outer air, so that ebulli- 
tion takes place under the atmospheric pressure. 

The hypBometer is used for the determination 
of heights, and is very convenient for this pur- 
pose b^use of its portability. 

The principle of its use for such determina- 
tions is based on the fact that the temperature 
of ebullition depends on the external pressure, 
and that when the former is known the latter 
is determined, and is equal to the maximum 
vapour pressure at that temperature ; hence, if 
we find the temperature at which water boils at 
the sea level, and at a place the height of which 
we wish to determine, we can, by reference to a 
table of maximum pressures of aqueous vapour, 
find the corresponding atmospheric pressures, 
from which the required height can be calculated. 

An approximate relation between altitude and atmo- 
spheric pressure is given by 

h » 18400 (log Pi - logpa) 

where h is the difference in altitude expressed in metres of 
two stations andppy?, are the normal atmospheric pressures 
at lower and upper station respectively. Expressing the 
pressures in terms of the boiling points of water we get 
k B 296 (<i - (]), approximately, 

where fj, are the normal boiling points of water at the 
lower and upper station respectively. If the lower station 
is at the sea level = 100^ C. very nearly, and h is the 
height of the upper station above sea level. 

The fact that watfir boils below 100° C, at high eleva- 
tions is a BOiurce of inconvenience in cooking. In such 
cases a modified form of Papinas digester is us^. 



Fig. 108. 
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Example.— The average valae of the boiling point of water on the 
top of Snowdon i> 96*8° G. Find the height of the mountain. 

Applying the formula of Art 144 we get 

the height = 295 X 3*7 metres »= 1091 metres « 3680 feet. 


TABLE SHOWING THE MAXIMUM PRESSUBE OF AQUEOUS 
VAPOUR BETWEEN 86° C. AND 109° C. {Regnant.) 


Temperature, 

Oeotigrade. 

Prreatire in 
niuh of Mercury 
at 0‘’O. 

. 

Temperature, 

Centigrade. 

PreMure in 
mm. of Merouiy 
at 0‘’O. 

85 

483 0 

94 

6107 

86 

460*3 

95 

633*8 

87 

468*2 

96 

657*6 

88 

486*7 

97 

682*0 

89 

605*8 

98 

707*3 

90 

625*6 

99 

733*3 

01 

646*8 

100 

760*0 

92 

666*8 

101 

787*6 

98 

688*8 

102 

816*0 


TABLE SHOWING THE BOILING POINT OF WATER AT 
PRESSURES NEAR THE NORMAL ATMOSPHERIC PRESSURE. 

p is given in mm. of mercury at (fO. 


P 

t°C. 

P 

fC. 

P 

f°C. 

P 

fC. 

740 

99*26° 

750 

99 63* 

760 

100*00° 

770 

10036° 

741 

99*30 

761 

99 67 

761 

1(X)*04 

771 

10040 

742 

9933 

762 

99*71 

762 

100*07 

772 

100*44 

743 

9937 

753 

9974 

763 

100*11 

773 

100*47 

744 

99*41 

754 

99*78 

76-4 

100*16 

774 

100*51 

746 1 

99*44 

765 

99*82 

765 

10018 

776 

100*66 

746 

99*48 

766 

99*86 

766 

10022 

776 

100*68 

747 

99*62 

767 

9989 

767 

100*26 

777 

100*62 

748 

99*66 

768 

99 93 

768 

400*29 

778 

100*66 

740 

99*69 

769 

99*96 

769 

100*88 

779 

100*69 

760 

99*63 

760 

lOOOO 

770 

100*30 

780 

10078 
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145. Determination of the boiling point of a liquid* 

Exp. 102. Determine the boiling points of various liquids 
such as ether* alcohol* turpentine* acetic acid. Take a 
clean, rather small flask (Fig. 11 or 12), 
preferably provided with a side tube, and 
lit a good thermometer through a cork 
which just fits the neck of the flask.* 

Place some fragments of tile in the flask 
to fiicilitate boiling, and then nearly half 
fill the flask with the liquid. Mount the 
flask over a Bunsen burner* the flame of 
which is protected from draughts by a 
chimney, and heat the liquid to boiling. 

When the liquid is boiling adjust the 
thermometer so that the top of the mer- 
cury column is just above 
the cork* taking care, how- 
ever, that the bulb is not 
immersed in the liquid. As 
soon as the temperature of Fig. 109 , 
the thermometer becomes 
steady read it ; it is the boiling point at the 
pressure inside of the flask. If the boiling 
has not been too rapidly carried on the 
inside pressure is equal to the atmospheric 
pressure which may be read, and the boiling 
point corrected to a pressure of 760 mm. by 
means of tables. 

If the vapour must not be allowed to 
escape join the side tube to a long piece of 
open spiral tubing S (Fig. 109), in which 
the vapour may condense and flow b;ick 

Pig. no. again into the flask* or join it to a con- 
denser (Fig. 103). 

If the liquid is obtainable only in very small quantity, 

* Many text>books insist on a double- walled tube being used, the 
thermometer bei^ inside and vapour in oontaot with both sides of 
the inner wall. There is* however, no necessity for this, for it has 
been shown that the latent heat of the vapour keeps the thermometer, 
on which a liquid film forms, accurately at the wiling point. 
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the flask may be replaced by a test tube as shown in 
Fig. 110. 

TABLE OF BOIUNO POIHT8 AT THE PRESSURE EQUAL TO 
THAT OF 760 MBL OF MERCURY AT O^C. 

Liquid air - 191° C. Distilled water lOOU® C. 

Liquid carbonic ooid ...-78*2 Spirits of turpentine 130*3 

Liquid ammonia - 38*5 Oil of turpentine 169*1 

Liquid sulphur dioxide- 10*0 Aniline 184 

Ether (ethyl) 35*0 Naphthalene 220 

Chloroform 60*2 Sulphuric acid 325*0 

Alcohol (ethyl) 78*3 Mercury 356*7 

Benzene 80*4 Sulphur 444*5 

Example. In an experiment performed at South Kensington a 
thermometer read 100 8° C. when placed in the steam from water 
boiling under the atmospheric pressure of 764*6 mm. of mercury (at 
0“C.). Find the correction to be applied to the thermometer at 
this part of the scale. 

Art. 140 the boiling point of water at South Kensington is 
100° C. when the barometer reads 769*6 ram. If, therefore, we 
increase the observed barometric height by 760*0 - 769*6 or 0*4 mm. 
we can apply Renault’s tables. This ^ves us a pressure of 
765*0 mm. at whi^ the boiling point is 100*18° C., or practically 
1(X)*^ C. Thus the given thermometer reads 0*6* C. too high, or the 
correction at 100° C. is -0*6°C. 



Elevatioii of the boiling point of salt solutions. 
We saw in Art. 119 that the presence of 
I a salt in solution lowered the freezing 
jg point below the n'onnal freezing point of 
the solvent. Similarly the presence of 
Y solution elevates the boiling point. 

^ The thermometer is, of course, placed 
j with its bulb in the solution ; the tem- 

I I ^ perature of the vapour given off quickly 

I falb to that of the vapotyr from the pure 

II solvent. For weak solutions the eleva- 
tion is proportional to the concentration 

111. inversely proportional to the mole- 

cular weight. 


The most accurate apparatus for determining boiling- 
point elevations was devised by Beckmann. The elevation 
of temperature is measured by a thermometer of the same 
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kind as tliat used to measure the depression of the freezing 
point of salt solutions (Arts. 21, 119) . The solution is 
boiled in a tube A (Fig. Ill), having a platinum wire 
fixed through the bottom, and the tube is partly filled with 
glass beads. This arrangement promotes ebullition and 
prevents superheating of the liquid. The inner tube is 
surrounded by a wider one B, in which the same solution 
is kept boiling. 

Thus the amount of direct heat which has to be supplied 
to the inner tube is very small, and the tube is further 
protected by asbestos from the direct action of the flame, 
again to prevent superh^ting. Both the inner and outer 
vessels are provided with reflux condensers 0 and D (i.e. 
condensers which return the distilled material to the vessel 
from which it came). With this apparatus it is possible 
to determine boiling points to within one-thousandth of a 
degree. 

For details of the use of tliis apparatus in the de- 
termination of molecular weights a text-book of physical 
chemistry should be consulted. 

Exp. 103. Show how the boiling point of a salt solution depends 
on the strength of the solution. 

Take a fiauk provided as shown with a oork-6tted thermometer 
and an exit tube which ends in a piece of iudiarubber tubing which 
may be closed with a screw clip. Weigli the flask, etc., when 
empty. Add about 15 gni. common salt, weigh 
again. Then add about 300 o.o. water. Dissolve 
the salt. Push the bulb of the thermometer well 
into the solution. The clip being open bring the 
solution to the boil. Boil gently (prevent bumping 
by a piece of porous earthenware), and when the 
thermometer is mounting very slowly, read the 
temperature. Immediatmy withdraw the flame 
and close the olip. As the flask cools open the clip 
now and then to equalise the pressure in the flask 
to atmospheric or the flask will break. 

Read the barometer and calculate the true boil- 
ing point of water at the existing atmospheric pres- 
■ure. When the flask is cold wduh it again and so Fig. 112, 
calculate the weight of ufoUer in Uie solution. We 
can now calculate the elevation of Uie boiling point for a known 
concentration of salt in water. Open the oli^, boil and when 
the thermometer has risen about naif a degree read it, and repeat 
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the series of observations. Take 4 or 5 sets of readings this way 
until the boiling point is about hve degrees above that of pure 
water at the same pressure. 

Plot a curve showing how the elevation of the boiling point 
depends on the concentration (calculate the concentration in gm. of 
salt per 100 gm. water), and calculate the elevation produced for a 
solution containing gm. molecule of salt per 100 gm. water. (It 
will be about 

Exp. 104. Bubble a current of steam from a boiler 
through an aqueous solution of a salt, e.g. sodium or 
calcium chloride. Insert the bulb of a thermometer into 
the solution and note the rise of temperature. The tem- 
perature of the solution rises above the temperature of the 
entering steam and reaches the boiling point of the salt 
solution for the existing concentration. 

Explanation. The boibng point of a salt solution is the 
temperature at which it is in equilibrium with the vapour 
rising from it. The vapour pressure of a solution is less 
than that of the pure solvent at the same temperature. 
Hence to be in equilibrium with steam at 100® C. (assuming 
the atmospheric pressure to be normal) the salt solution 
must be above 100® 0. If the solution is below 100® C. 
some of the steam condenses in it and tlie solution becomes 
warmer. The steam leaving such a solution is at a tem- 
perature greater than 100® 0., but within a centimetre or 
so of the surface it falls to its normal temperature owing 
to condensation on the walls of the vessel, etc. A ther- 
mometer hung in the vapour from a boiling solution indi- 
cates therefore the boibng point of the pure solvent ; the 
thermometer must be pl^d in the solution itself if the 
boiling point of the solution is required. 

147. Change of volume accompanying change of state 
from liquid to vapour. Let any liquid boil and notice the 
large quantity of vapour produced. It is evident that when 
a bquid changes to a vapour there is a very great increase 
in volume. Hi the case of water, for example, the volume 
of the steam at 100® 0. and atmospheric pressure is nearly 
seventeen hundred times the volume of the water from 
whkh it is produced ; that is, a cubic inch of water produces 
about a cnoic foot of steam. 
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The following curve (Fig. 118) shows the chaises in 
volume which occur when 1 gramme of ice at — 20° 0. is 



*10 o*f‘ ~ ~ igc*m* 

Ttmp. in dggrtts Centtgraas 

. Fig 113. 


heated to steam at 110° C. at atmospheric pressure 
(760 mm.). 

The curve is plotted from the following data : — 



The steam line is of course directed towards a point on 
the temperature axis situated at 273° C. below zero. 

148. Evaporation. It has been shown that, at all tem- 
peratures, vaporisation takes place in a closed space until 
that space is saturated with vapour. If, however, tibe 
process goes on in the open air it becomes continuous, 
because it is practically impossible to saturate the atmo- 
sphere with vapour. This process of vaporisation in an 
unlimited atmosphere has b^n called eva^oroHon. 

Evaporation takeB place exclusivelj at the free sur&oe 
of the liquid. The vapour formed at the surface pene* 
H. T.P. 16 
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trates into the adjacent layer of air, and from thence it 
passes into the next layer, and so on until the vapour is 
diffused throughout the atmosphere at a uniform rate such 
that any given layer passes on as much vapour as it receives. 

This process is somewhat modified if the air is in motion, 
for then the layer in contact with the liquid is continually 
being renewed, and evaporation takes place more rapidly, 
because each layer as it comes in contact with the liquid 
takes up only a small quantity of vapour, which is at once 
carried away and thus diffusion is assisted; moreover 
evaporation always takes place into a comparatively “ dry ” 
atmosphere, for the successive layers pass on before 
becoming nearly saturated. 

Evaporation is also rapidly promoted if a rapid succes- 
sion of air bubbles be blown through the liquid, for each 
air bubble exposes a large surface to the liquid and is then 
immediately swept away. 

The following experiments illustrate some of the more 
important phenomena of evaporation : — 

Exp. 105. Put a small quantity of ether into a watch- 
glass and set it on the table. In a few minutes the ether 
will have disappeared by evaporation. 

Exp. 106. Dip a piece of filter paper or a handkerchief 
in water and hang it out to dry. In a short time, which 
depends greatly on the weather, the water will have “ dried 
out of the fabric by evaporation. 

Exp. 107. Put equal quantities of water, alcohol, and ether in 
similar crystallising dishes and allow them to evaporate under the 
same conditions. ITie ether eva^rates more rapidly than the 
alcohol, and the alcohol more rapidly than the water. 

Exp. 108. Put equal quantities of water (or alcohol or ether) in 
crystallising dishes of oifieront diameters and allow them to evapo 
rate under the same conditions. Note the times^taken for the dishes 
to completely dry up. The amount of liquid evaporating per second 
will be found to be proportional to the diameters, and nqt os one 
would suppose on first thoughts, viz. proportional to the surface 
areaa. 

Ejqp. lOf. Pnt equal quantities of ether in two equal crystallising 
dishes. Direct a gentle current of air from a foot bellows over the 
surface of the ether in one of the dishes. The ether in this dish 
evaporates moob more quickly than in the other. 
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Esp. 110. Put equal quantities of alcohol (methylated spirits will 
do) into crystallising dishes of the same size, and expose one to 
evaporation in a warm living-room and the other in a cool cellar, 
but under otherwise similar conditions. Evaporation is much more 
rapid from the former than from the latter. 

From the above experiments we conclude that different 
liquids evaporate at different rates, and that evaporation 
can be greatly quickened by (1) renewing the air in con- 
tact with the surface, (2) warming the liquid and air, 
(3) increasing the surface of the liquid expos^ to the air. 

The evaporation of water is a familiar and important 
process. All the aqueous phenomena of meteorology have 
their origin in the evaporation which goes on from the 
water surfaces of the earth into the atmosphere. Such 
processes are so apparent that it is hardly necessary to call 
them to mind. Some of them will, however, be dealt with 
in detail in Ch. XII. 

149. Conditions favourable to evaporation. From what 
has been said above, it may readily be deduced that the 
rate at which evaporation takes place is favoured by — 

1. Dryness of the air. The less the quantity of vapour 
present in the air the more readily does evaporation go on 
into it. 

2. Low atmospheric pressure. Low pressure facilitates 
the escape of vapour from the surface of the Hquid. 

3. High temperature both of the liquid and the air. 
The higher the temperature of the liquid the greater the 
pressure exerted by the escaping vapour, and the higher the 
temperature of the air the greater the quantity of vapour 
it will contain before saturation is reached. 

4. Large extent of free surface of the liquid. 

6. Low boiling point of the liquid. The lower the boil- 
ing point the greater the pressure of the vapour at ordinary, 
temperatures. 

6. Kenewal of the air in contact with the surface of the 
liquid. 

150. Cold caused by evaporation. Duri^ evaporationi 
the latent heat necessary to effect the requii^ c^nge of 
state is absorbed from the liquid itself and its surroundings. 
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This absorption of heat cools the liquid, but, as evapora- 
tion takes place at all temperatures, the process goes on, 
and a continuous fall of temperature is thus produced. 
Under favourable conditions this fall of temperature may 
go on until the freezing point of the liquid is reached and 
the liquid freezes. The following eiperiments illustrate 
the cooling effect : — 

Exp. ill. Put a little ether in a thin watch-glass (or in 
a small thin beaker), and set it up on a wood block with a 
small drop of water between it and the block. Blow a 
rapid stream of air through the ether. Rapid evaporation 
is promoted, the ether in turning from liquid to vapour 
absorbs its latent heat from the glass, wood, and film of 
water between, and after a short time so much heat will 
have been abstracted that the water will freeze and the 
watch-glass and block form one piece. 

Exp. 112. Perform Leslie’s experiment. Place a shallow 
dish, containing a little water, and another dish, contain- 
ing strong sulphuric acid, under the receiver of an air 
pump. Exhaust. The water rapidly evaporates, and the 
vapour formed is absorbed by the sulphuric acid, thus 
ensuring continuous and rapid evaporation of the water. 
This process cools the water, and ultimately a thin layer 
of ice forms on its surface. 

Another instance of the application of the cold produced 
by evaporation is the method adopted in India for keeping 
drinking water cool. The water is placed in porous eartnen- 
ware vessels, tlirough wliich it slowly percolates ; evapora- 
tion takes place from the outer surface of the vessel, and 
the absorption of heat thus produced keeps the water in the 
desired sUte of coolness. The same effect may be produced 
in any vessel by wrapping a wet cloth round it. 

151. Pressure of vapour in a system of communicating 
vessels at different temperatures. Let A and B (Fig. 114) 
be two bulbs connected by a tube 0. Suppose further 
that A and B both contmn some liquid and that the 
remaining space contains only the vapour of that liquid. 
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Let A and B be placed in baths of temperatures and 

being greater than and suppose and p, to be the 
maximum vapour pressures at and of course being 
greater than p^. 

Suppose a closely fitting piston to 
be placed in C. Then since p^ is 
greater than p^ the piston wiU be 
forced towards B. As it moves to- 
wards B it tends to increase the pres- 
sure in B, but since the pressure 
cannot rise above p, some of the vapour in B will be con- 
densed. Similarly its movement away from A causes 
some of the liquid in A to evaporate. This action proceeds 
whether the piston is there or not, and so we see that the 
effect of A and B being at different temperatures is that 
there will be a continual transference of vapour from A to 
B until all the liquid in A has evaporated and the pressure 
throughout the vessel is p,, the maximum vapour pressure 
corresponding to the lower temperature fj. 

This explains the principle of Regnault’s method of 
determining the maximum pressure of water vapour below 
0°C. (Art. 128), the action of Wollaston’s cryophorus 
(Art. 182), and the possibility of distillation (Art. 153). 

Suppose A contains pure water and B contains a solu- 
tion of a salt, say calcium chloride, in water, the whole 
instrument and its contents being initially at 100® 0. Then 
since the vapour pressure in B is less than the vapour 
pressure in A, distillation will occur over from A to B. 
Heat will be used up in A in this process and heat will be 
given to B. Hence the temperature of the pure w^ater will 
fall and that of the solution will rise. This process will go 
on until the temperature of the solution is so much above 
that of the pure water, that its vapour pressure is equal to 
that of the water when equilibrium occurs. 

Now reconsider Exp. 104. 

162. Wollaston’s oryophoms. A form of apparatus 
known as the ctyophorm was devised by Wollaston to 
illustrate the coohng effect of evaj^ration. It consists of 
a bent tube (Fig. 115) with a bulb at each end. It con- 
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tains only a small quantity of water and water vapour. 
All the water being passed into the bulb B, which should 
now be not more than half full, the bulb A is surrounded, 
as shown in the figure, by a mixture of 
ice and salt. The cold surface of the ice 
condenses the vapour in A as rapidly as 
it is formed in B, and in a short time 
the absorption of heat is sufiicient to 
cool the water in B down to the freezing 
point and finally convert it into ice. 

Several complicated forms of appara- 
tus have been constructed for freezing 
Fig. 116. water on the principle illustrated by 
these experiments; notably Carre’s ap- 
paratus for freezing by sulphurous acid, and also Carre’s 
ainmoniacal freezing apparatus. 



153. Condensation and distillation. Distillation is a 
combined process of vaporisation and condensation ; it is 
much used for obtaining pure or distilled water from 
ordinary tap water, or from salt water. It is also of 
frequent use for manufacturing and chemical purposes. 
The liquid to be distilled is heated in a suitable vessel and 
the vapour produced passes through a long spirally coiled 
tube or worm, surrounded by cold water, or is, in some 
other way, cooled to a temperature sufficiently low to cause 
the vapour to condense. The liquid thus produced is col- 
lected in a vessel into which the wonn opens ; it is free 
from all solid matter contained, either in suspension or 
solution, in the original liquid. 


154. Vapour jackets. One of the simplest methods of 
keeping a lx>dy at constant temperature- is to put it in a 
vessel surrounded by the vapour of a liquid boiling at 
constant pressure. We have already used such a chaml)er 
in the determination of specific heats. If the pressure is 
normal the temperature is the normal boiling point of the 
liquid used, but the pressure may of course be regulated 
80 as to give any temperature required. The apparatus in 
general use is very similar to that shown in Fig. 104, the 
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only difference being that the flask F is replaced by a 
boiler, into the top of which is sealed the chamber whose 
temperature is to be kept constant. 

155. Liquefaction of gases. Experimental evidence 
shows that the properties of gases are continuous with 
those of unsaturated vapours at temperatures consider- 
ably above the boiling points of their liquids. Hence, if 
we wish to condense any given gas, the method of doing 
so is indicated by the results, in the two cases referred 
to above, in connection with unsaturated vapours. All 
gases and vapours may be liquefied by the combined 
application of pressure and cold, and, in many cases, the 
application of either pressure or cold separately produces 
the desired effect. As a simple example, suppose we have 
unsaturated water vapour, at a temperature of 200® C., and 
under the normal atmospheric pressure, and we wish to 
liquefy it ; three courses are open — 

(1) The application of pressure at constant temperature. 
We know that condensation sets in, at any temperature, as 
soon as the maximum vapour pressure for that temperature 
is reached. Hence, in this case, water would begin to form 
when the pressure applied became equal to that due to 
11690 ram. of mercury (see Table, p. 207). 

(2) Application of cold at constant pressure. In this 
case condensation will take place as soon as a temperature 
is reached, for which the existing pressure is the maximum 
pressure, that is, water will be formed when the vapour is 
cooled to 100® C. 

(3) Combination of (1) and (2). In this way condensa- 
tion might be produced by cooling the vapour down to, say, 
150® C., and increasing the pressure to 3581 mm. of mer- 
cury (see Table, p. 207). 

The method adopted in any particular case depends on 
cii'cumstances ; it is very much easier to apply pressure than 
to cool a gas down to a very low temperature, but a gas is 
distinguished from a vapour by the property that it cannot 
be liquefied by pressure alone as it is above its critical 
temperature (Art. 182). Hence, unless a is first cooled, 
at least, below Us critical temperature, it is impossible to 
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liquefy it by the application of pressure alone ; and this 
explains why oxygen, hydrogen, nitrogen, air, etc., so long 
withstood dl attempts at liquefaction; the critical tem- 
peratures of these gases are so very low, that it is only in 
recent years that experimenters have been able to cool them 
below their critical temperatures, and thus effect their 
liquefaction at very high pressures (see Ch. XIX,). 

166. 'Hie Spheroidal state. 

Ezp. 113. Take a plane metal plate, place it quite 
horizontal on a tripod and heat it with a Bunsen flame. 
When its temperature is just a little above that of boiling 
water, drop ^ntly from a pipette a drop of water on the 
plate. It boils away with a hissing noise. 



Now heat the plate much above the boiling point of 
water and again place a drop of water on the plate. The 
drop does not boil nor hiss, but assumes^ the form of a 
flattened globule just like a globule of mercuiy. Evapora- 
tion occurs very slowly and the drop will remain as such 
for a long time. 

The drop is said to be in the spheroidal state, and the 
reason why evaporation is so slow is that the drop is 
buoyed up by a ctishion of its own vapour through wnich 
heat only travek slowly, too slowly m fact to heat the 
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liquid to its boiling point. This vapour, as it is formed, 
is gradually wafted away, and so the water gradually 
evapomtes. If the plate is allowed to cool there will 
arrive a time when the drop comes in contact with the 
plate and violent ebullition occurs. 

Exp. 114. To show that the drop is not in contact with the metal 
plate. 

If the plate is quite flat it is easy to see between it and the drop 
(seeFiff. 116). 

AnoUier method is to put one end of a fine wire into the drop 
and to connect the other end through an electric bell and a voltaic 
cell to the plate. When the water is in the spheroidal state the 
bell is silent. Withdraw the Bunsen flame ; when the violent 
ebullition occurs the bell rings, showing that contact occurs be- 
tween the water and the plate. 

Exp. 110. Make the end of a poker red-hot and dip it into cold 
water. For some time no ebullition occurs, the water around the 
poker being in the spheroidal state. When the poker is sufficiently 
cooled violent ebullition occurs. In the same way a hot metal dish 
m^ be got to rest on the surface of water. 

The experiment may also be repeated with two liquids ; the only 
necessary condition is a sufliciently elevated temperature. Thus if 
a bath of oil of suitable density is heated to about 120® C. and 
water dropped into it from a pipette, the water forms spheres 
which do not boil away. If, however, the spheres are touched by a 
needle, which thereby breaks through the vapour films, violent 
ebullition occurs. 

Exp. 116. Four a little liquid air into the palm of the hand. The 
liquid remains in the spheroidal state and does not feel as intensely 
cold as it really is. It is advisable to shake the globule off before 
the skin underneath it becomes frozen. 

As examples of spheroidal state we have the laundress’ 
mode of testing the temperature of a hot iron, the licking 
without injury of a white-hot iron bar, and the fact that 
the hand if clean and damp may be dipped into hot 
molten lead without injury. 

157. Sublimation. Under ordinary conditions of pres* 
sure some substances do not melt, but “ sublime,” i.e. pass 
diioct from the solid state to the vapour state, and tnce 
versa. Examples are iodine, arsenic, sulphur, benzoic 
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acid, ice (below O'^O.), camphor. By a suitable adjust- 
ment of pressure the substance can be made to pass 
through the liquid state. 

Exp. 117. Take a small pieoe of iodine, place it in a dry test tube, 
and heat gently in a flame. It is easily seen that the iodine does 
not melt, but jjassoa off into a violet vapour, which soon fills the 
tube : some of this vapour will condense again on the cooler portions 
of the tube, forming a thin layer of the solid. 

The same process takes place more slowly at ordinary tempera- 
tures, as may be at once verified by examining a bottle in which 
iodine has bwn kept for some time. 

Exp. 118. Take two watch-glasses of the same si^c and 
fitting well around the edges when facing each other. 
Put a few crystals of benzoic acid into one glass, then lay 
a sheet of filter paper right 
over the glass and turn the 
other glass upside down over 
it ( Fig. 117 ). Clamp the 
glasses together with a thin 
brass clip. Now gently warm 
the lower glass. The benzoic acid sublimes, passes through 
the filter paper, and appears as crystals on the up[)er glass. 
The experiment succeeds better if the upper glass is kept 
cold by a piece of wet filter paper. 

Exp. 119. Place some bar sulphur in a retort, R (Fig. 1 18), and 
lead the stern of the retort into a large flask, F, over which a stream 



Fig. 117. 



of water flows to keep the interior cool. Heat the sulphur, and it 
be found that sulphur vapour passes over into the flask and 
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there condenses, forming a yellow cloud of solid particles which 
collect on the sides of the Saak, forming a layer of “flowers of 
sulphur.” 

It is known that ice and snow evaporate at temperatures 
below the freezing point. Snow often disappears com- 
pletely by evaporation on very cold days, when no trace of 
thawing can be detected. 


The Latent Heat of Vaporisation. 

158. When water is boiled it has been shown that the 
temperature of the steam produced is the same as that of 
the boiling water. Where then has the heat given to the 
water by the burning gas gone ? On comparing this pro- 
cess with that observed when ice melts it is evident that 
the heat has been used up in effecting the change of state 
to vapour, i.e, the heat has been rendered 
use the same word as we have used before. 

This heat is given out in the process of condensation of 
steam to water, as is shown in the following experiment. 

Exp, 120. Place about 250 o.o. of cold water in a beaker, insert a 
therraometer, and weigh the whole. Now boil some water in a flask 
fltted with a delivery tube, and pass the steam given off into the water 
in the beaker. 

As the bubbles of steam enter the cold water they condense with 
a crackling sound and the temperature of the water rises rapidly. 
By weighing the beaker we ascertain the weight of the steam con- 
densed. 

This does not by itself prove that steam gives out heat in con- 
deimng. When the steam enters the cold water we may consider 
that the following changes take place ; — 

(1) It condenses into boiling water without change of temperature. 

(2) This boiling water mixes with the cold water in the beaker. 

Hence, if steam gives out heat in condensing simply, the rise of 

temperature produced by passing the steam into the cold water 
should l>e greater than that protluced by mixing the same quantity 
of lK)iling water with the cold water. 

If now we take the same quantity of water in the same beaker 
and add to it a quantity of boiling water equal to that obtained by 
the condensation of the steam, it will l)e found that this gives a 
much smaller rise of temperature. This shows that the steam, in 
condensing from steam to boiling water without fail of temperature, 
gives out a considerable quantity of heat. 


from liquid 
“ latent,^’ to 
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169. Latent heat of vaporisation. It is found that a 
given liquid absorbs, per unit mass, during vaporisation 
and evolves, per unit mass, during condensation a definite 
quantity of heat which is constant for the same substance 
under the same conditions. The quantity of heat required 
to convert unit mass of a svhstance from the liquid state at 
the boiling point to the vapour state at the same tempera- 
ture is called the latent heat of vaporisation of that 
substance Thus the latent heat of vaporisation of water 
at 100° C. is the quantity of heat required to convert unit 
mass of water at 100° C. into steam at 100° 0. It is also 
the quantity of heat given out by unit mass of steam at 
100° C. in condensing to unit mass of water at 100° C. If the 
gramme be taken as the unit of mass, then the latent heat 
should be expressed in gramme degrees ; that is, the same 
unit of mass should be involved in both measurements. 

It follows that if L denotes the latent heat of vaporisation 
of any substance, then the quantity of heat absorbed during 
vaporisation or evolved during condensation by M grammes 
of the substance is ML units. 

It is to be noted that the latent heat of vaporisation of 
any substance depends upon the temperature at which 
vaporisation takes place. If the conditions of vaporisation 
change the boiling point it is to be expected that the 
latent heat of vaporisation will also change. 

Exp. ISL Find roughly the latent heat of vaporisation of steam. 

Meihcd /. (No thermometer is required. ) Place in a tin can a 
mixture of ice (one part by weight) and cold water (about four jparts 
by weight). Arrange a Bunsen burner under a tripod, keep it burn- 
ing stc^iiy throu^out the experiment. When all the loe in the 
mixture has melted note the time and at once place the can over the 
Bunsen fiame. Note also the time when (ii) boiling begins, (iii) the 
water has just boiled away. 

Method II. (A thermometer is required.) Pht a tin oan, half 
filled with water, over a Bunsen burner burning steadily. Note 
the time when (i) the temperature is, say, 25^0., (li) boiling begins, 
(iii) the water has just boiled away. 

Calculation, Assume that the heat absorbed from the flame by 
the water is proportional to the time during which it has been 
heated. Find (i) the time, T, taken to boil away the whole of the 
water, (ii) the time, t, taken to warm the water from ioe-point to 
boil^. In Method 1 the initial temperature is the ioe-point ; in 
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Method II. it is, say, 25° 0. In the latter ease oaleulate the whole 
time it would have taken to heat the water from 0° C. to lOKf C. if 
the initial temperature had been 0" C. Finally 

** Latent heat ” ahaorhed in va^miecUion T 

“ SermMe heat ” absorbed from ice- to steam-point t * 

Example. Time taken to heat a quantity of water from 25° C. to 
100° 3 min. 30 see. 210 seo. Time taken to boil away the 

water 23 rain. 40 seo. 1420860. Then the time taken to heat 
the water from 0° C. to 100° C. would have been | x 210 = 2^ seo. 
Therefore (latent heat) / (sensible heat) = 1420/!^ = 6*1, i.e. the 
latent heat of vaporisation of water = 510 calories per gm. 

160. Determination of the latent heat of steam. The 
latent heat of vaporisation of water at 100° 0. is usually 
called the latent heat of steam. To determine this con- 
stant a calorimeter is prepared in the usual way by placing 
in it a known quantity of water at a known (low) tempera- 
ture. A current of dry steam from a boiler is then passed 
either directly or into a worm immersed in the water in the 
calorimeter. The steam condenses, gives out its latent heat 
and the temperature of the water rises. When a sufficient 
rise of temperature is produced the current of steam is 
stop^ and the temperature of the water in the calorimeter 
noted. The calorimeter is then weighed and the increase 
of weight gives the mass of the steam condensed. 

Denoting the masses of the cold water, calorimeter, and 
condensed steam by m, wtj, M respectively, and the initial 
temperature of the steam and the initial and final tempera- 
tures of the water by T, f , B, the latent heat of va^risation 
of water by L, and the specific heat of the material of the 
calorimeter by we have, by equating the heat given out 
by the steam and its resultant water to the heat absorbed 
by the calorimeter and its contents, 

ML + M (T - ^) « (w + (^ - f), 

from which 

L ■« (”> wti^) {9 •- 0 _ ^ 

As the exj^riment lasts only a few seconds, the rise of 
temperature oeing very rapid, the cooling correction is not 
of great importance, but it is well to arrange that the mean 
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temperature of the calorimeter is the same as the tempera- 
ture of its surroundings. The great difficulty and a great 
source of error in this experiment is the difficulty of 
ensuring that the steam which enters the calorimeter is 
dry. It is obvious that if the steam carries with it a fine 
spray of condensed water the heat evolved in the calorimeter 
will be much less than if only dry steam entered the calori- 
meter, and the value of L obtained will be too low. Various 
devices for “ trapping ” or jacketing the current of steam 
have been adopted for the purpose of drying it ; that is, 
removing the fine drops of condensed water in it. 


Exp. 122. Find the latent heai of valorisation of water. 
— Pig. 119 shows a useful form of apparatus. Water is 
boiled in a tin can F, and the steam is led out by a bent 

glass tube LG (which 
may be covered by cot- 
ton- wool) into the calori- 
meter C, which may be 
hung inside the screen- 
ing can P or packed 
lightly inside it by means 
of cotton- wool. SS is 
a screen which prevents 
heat passing directly 
from the boiler to the 
calorimeter part of the 
apparatus. 

Boil the water in F 
briskly (P should l)e less 
than half full or the steam will carry spray with it). 
Weigh the calorimeter empty and again when two-thirds 
full of water. Use a sensitive thermometer : carefully stir 
the water with it and note the temperature. 

It is advisable to have the initial temperature of the 
water as much below the air temperature as the final tem- 
perature is above it. This obviates any correction for gain 
of heat from outside sources or loss of heat to them. A 
preliminary experiment will supply the best temperature at 
which to work* 



Fig. 119. 
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When placing the calorimeter in position see that the end 
of the glass tube is immersed. 

The issuing steam condenses mth a kind of continuous 
hiss. 

Stir gently with the thermometer. The temperature 
rises rapidly. Withdraw the calorimeter from the jet when 
the temperature has reached, say, 35® C. Stir well. 
Quickly note the temperature. Eemove the thermometer 
from the water, letting its bulb trail along the inside (above 
the water) of the calorimeter, so that any drops of water 
adhering to the thermometer may be removed from it. 
Weigh. The increase over the last weighing gives the 
weight of steam condensed. Assume that the tempei*ature 
of steam is 100® C., and work out the results as indicated 
below. 

Example. — Determine the latent heat of vaporisation of uxUer from 
the f Mowing observations : — 

Mass of copper calorimeter *= 62'94 gm., moss of calorimeter plus 
water = 192'14 grn,, mass of calorimeter plus water plus condensed 
steam = 197 T2 gin. 

Temperature of steam 100® C., of cold water at the beginning of 
the experiment 14*4® C., of water finally 35*1® C, Air temperature 
21® C. 

The heat given out 

(1) by the 4*98 gm. of steam at 100“ C. condensing to water at 

100® C. = 4 *98 L calories, 

(2) by the 4*98 gm. of water cooling from 100® C. to 351“ 0. 

= 4*98 (100 - 35*1) « 4*98 x 64*9 calories. 

The heat absorbed 

(1) by the 139*2 gm. of water in rising from 14*4“ C. to 35'1® C. 

= 139*2 X 20*7 calories. 

(2) by the 62*94 gm. of copper in rising from 14*4® C. to 36*1® C. 

= 62*94 X *096 x 20*7 * 6*03 X 20*7. 

Equating the heat given out to the heat absorbed we get 

4-98 L + 4*98 x 64*9 « (139*2 + 5*03) x 20*7. 

L - - 64-9 - 636 calories. 

4*98 

The chief source of error in the method described above 
is that the steam is not dry when it enters the calorimeter. 
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It carries spray with it. Sometimes a water-trap, like that 
shown in Fig. 120, is placed at the deliveiy end of the steam 
tube. It catches the water that condenses in 
C the tube. It should be very well wrapped up 
I ■ in cotton-wool and provided with a jet and 

1 pinch-cock, R, to allow the condensed water to 

|H M drawn off from time to time. 


161. Berthelot’s apparatus for finding the 
latent heat of vaporisation. In order to get 
rid of the error mentioned in the last para- 
graph Berthelot devised the apparatus shown 
in Fig. 121, which can be used for any liquid. 
The liquid in K is boiled by means of a ring burner the 
water in the calorimeter is screened from radiation from 


Fig. 120. 



Fig. 121, 


the burner bv means of two screens w, t'#', and from other 
extendi ra^tion by a coppw vessel and a double-walled 
vessel filled with water. The vapour generated in the 
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▼essel K pasBes down through the short tube T T into the 
spiral tube or worm C 0 A immersed in the water in the 
calorimeter. 

The only part of the vapour tube in which condensation 
is possible outside the calorimeter is in the short piece of 
tube surrounded by the burner. The error arising from 
partial condensation before the vapour enters the calori- 
meter is thus reduced to a minimum. The method is 
quick, about 20 gm. of liquid being condensed in 3 minutes. 
It is also very convenient for the study of the latent heats 
of vaporisation of organic liquids, as the condensed liquid 
is caught in the reservoir E and does not mix with the 
water. The increase of weight of the worm gives the 
weight of the vapour condensed ; the calculation is similar 
to that in the case of water. 

By this method Bertlielot obtained 536*2 for the latent 
heat of vaporisation of water at lOO'^ C. By a much more 
elaborate method Regnault obtained 536*5. More recent 
work shows that the latent heat of vaporisation at lOO'’ C. 
is 540 calories per gramme, i.e. one gramme of steam at 
100° C. in condensing to water at 100° C. gives out 640 
calories, or one gramme of watei* at 100° C. absorbs 540 
calories in becoming steam at 100° C. 

Exp. 123. — Find the latent heat of vaporisation 
of voater hy a modification of Berthelot's method. 

Set up the apparatus shown in Fi^. 122. Half 
fill the flask with water, and fit it with a cork and 
tube tt. Invert and heat by a simple ring burner 
B. Attach a nozzle n to the tube ^ by a piece of 
rubber tubing ». The calorimeter C is supported 
within a screen and shielded from the burner by a 
block of wood. To perform the experiment allow 
steam to pass from n for some time and then 
quickly lift C into position. When the tempera- 
ture has risen sufficiently remove C and note the 
maximum temperature reached. The calcula- 
tions are as before. 

The large expansion which occurs when water 
is turned into steam (Art. 147) accounts in some 
degree for the large latent heat of vaporisation, 
for during the change of state the rising vapour does work in push- 
ing away the atmosphere, and, as shown later in Ch. XVI., heat 
and work are mutually convertible. 

H. T. P. 



Fig. 122. 


\7 



TfiB filOUlCB dHANOfi OF STATB. 


162 . Begnault’s results in connection with the Intent 
heat and total heat of steam. Begnault investigated the 
question of latent heat of steam in a series of careful and 
elaborate experiments, and found that its value depends 
upon the temperature at which vaporisation takes place. 
The real aim of his experiments was, however, to find the 
total heat of steam, i.e. the amount of heat required to raise 
one gramme of water from 0° C. to T° C. and to vaporise it 
at that temperature, the pressure at the time of vaporisa- 
tion being the maximum pressure of vapour water at T° C. 

From the data of a large number of experiments he was 
able to formulate his results thus : If Qr denote the total 
heat required to raise unit mass of water from 0° 0. to 
T°C., and also to convert it into steam at T° C., then — 

= 606-5 + 0-305T. (1) 

But since, approximately, T units are absorbed by the 
water in being raised from 0° C. to T° 0., we have — 

Qt « Lr + T, 


where Lt is the latent heat of vaporisation at 0. 

Thus we have — L = - T ; 

or— bp = 606-5 + 0'30r>T - T, 

= 606-5 - 0-695T. (2) 

To calculate the total heat required to raise unit mass of 
water from 0° C. to 100® C., and to convert it into steam at 
100®, substitute 100 for T in equation (1), and we get — 
Qjoo -= 606-5 + (0-305) 100 
- 637. 


Similarly — L,oo « 606-5 ~ 69*5 

« 637. 


These formulae for Q and L indicate the general result 
that Q increases while L decreases with rise of tempera- 
ture. 

We have hitherto spoken only of the variation of L wit i 
temperature, but it is evident that this implies variation 
with pressure ; for, when we speak of the latent heat of 
vaponsation of water at T®C., we imply that vaporisation 
takes place at a pressure equal to the maximum pressure 
of water vapour at T®0. 
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The results of Regnault's work may be illustrated graphically. 
Assuming that the formula 

L,, = 606*6 - 0*695T 
holds between 0® C. and 200® C., we have — 

Lo = 606-5 Q„ 606*6 

1^40 = 578*7 Q*o = 618*7 

Lgo = 550-9 Qso = 630*9 

lijjo ~ 523*1 Qi2n “ 643*1 

” 495*3 Qjjo = 655*3 

^-'200 “ 467*5 Quo “ 667*5 

From these figures the dotted lines shown in Fig. 123 have been 
plotted. They are straiglit lines, •.«. the changes of L and Q with 



Temperature Centigrade. 

Fig. 123. 

temperature are linear. From them the latent heat or total heat 
for any temperature within the range of the diagram can be read 
easily. 
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Keceat work has shown that L,oo « 540, and not 637*5 as de- 
duced by Eegnault In oaloulating L from Q Regnault also 
neglected the variation in the speoino heat of water (Art. 100). 
The values of Q and L have recently been recalculated by Callendar, 
and his results are shown by the full curves of Fig. 123. These 
curves are not straight lines, and no simple equation can be obtained 
connecting Q and L with T. 


TABLE OF LATENT HEATS OF VAPORISATION.* 

At boiling point under a presmre o/750 mm. mercury at (fO. 


Water 

540 

Sulphur 

362 

Alcohol 

202 

Ether 

90 

Oil of turpentine 

74 

Liquid air 

65 


Water differs from most other substances in haviijg a very high 
latent heat for both changes (refer to the table on p. 1^). 

163. Steam calorimeter. The latent heat of steam may 
be applied, just as the latent heat of water is applied in 
the ice calorimeters, to ascertain the specific heat of a 
substance. 

The invention and perfection of the steam calorimeter 
is due to Professor Joly. The general principle applied 
in a steam calorimeter is as follows : — If a piece of any 
substance at a known temperature is suspended in an 
empty vessel and steam at 100*^0. is passed into the 
vessel, a mass of steam just sufficient to raise the tempera- 
ture to 1(X)° C. will condense on the substance, and this 
mass will remain constant so long as the substance remains 
in the atmosphere of steam. Loss by the dropfung of the 
condensed water from the substance must of course be 
guarded against. Hence, if the mass of water which con- 
denses on the substance can be determined, the specific 
heat of the substance can be calculated. 

Thus if m is the mass of the substance, 8 its specific 
heat, t its original temperature, M the mass of steam 

* The latent beat decreases as temperature of boihug rises. 



THE HiaHFR CHANOR OF STATE. 261 

condensed, T its temperature, and L the latent heat at this 
temperature, we have — 

Heat absorbed by the substance = TO5{T ~ Of 
Heat given out by the steam = ML, 
ma(T - t) - ML, 

whence s = — . 

m(T - 0 

In its simplest form the steam calorimeter consists es- 
sentially of a thin metal vessel which can be quickly filled 
with dry saturated steam from a boiler which communi- 
cates with this steam chamber by a wide tube fitted with a 
suitiible stopcock, by means of which the supply of steam 
may be regulated or stopped as desired. A small platinum 
scale-pan suspended by a thin wire from one arm of a 
balance hangs freely in this steam chamber. A piece of 
the substance of which the specific heat is required is 
placed in this pan and carefully weighed, when the chamber 
is filled with air only. 

Steam is then turned on, and the steam, in raising the 
scale-pan and body on it to its own temperature, condenses 
to water at the same temperature. This water remains on 
the pan and body, and when the final temperature is 
reached remains constant in quantity for as long as may 
be desired. The increase in weight, due to this conden- 
sation, can be determined accurately by means of the 
balance, proper corrections being made for the buoyancy 
of air in the first weighing, and of steam in the last. 

164. Joly’s steam calorimeter (Fig. 124) shows the form 
of steam calorimeter first used by Dr. J. Joly. The bent 
tube, marked with the arrows, is the steam tube bringing 
the steam to the calorimeter from the boiler, which is not 
shown. The suspension wire from the balance enters tlie 
calorimeter by passing through a small hole in the centre 
of a smooth flat disc which rests on the tubular opening 
at the top of the calorimeter. The surface of the disc fits 
accurately to the surface of the edge of the tube on which 
it resta and so closes the calorimeter ; at the same time it 
moves freely in a horizontal plane s^ timt the central hole 
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readily adjusts its position to that of the suspension wire. 
A small quantity of steam escapes between the wire and 
the edge of the hole in the disc ; this is pi*evented from 
condensing on the wire by surrounding the wire just above 
the hole with a spiral of platinum wire which is heated by 
passing a current through it. 



The necessary correction for the weight of water con- 
densed on the platinum scale-pan may be obtained by a 
preliminary experiment with the pan only. If c denote the 
water equivalent of the pan the heat equation given above 
may be modified to include the scale-pan and written as 
follows : — 

(m« -I- c) (T - 0 “ ml. 

With a properly constructed calorimeter the results 
obtained by this condensation method may attain a very 
high degree of accuracy. One important source of error is 
the possible fall of very small drops of condensed water on 
the substance and pan carrying it, when the steam is first 
introduced into the cold calorimeter. This error is made 
practically negligible by admitting the steam suddenly into 
the ohaonber, and it is for this purpose that the steam 
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pipe is made wide. After the first sudden admission the 
supply should be regulated so as to provide a gentle current 
of sfc^m which will not interfere with the process of 
weighing. 

Exp. 124. Find the specific heat of a substance by 
Joly’s steam calorimeter. Fit up a simple steam chamber 
as shown in Fig. 126. It consists of a beaker, B, fitted 
with a wooden cover or large flat cork, 0, provided with 
delivery and exit tubes, I 
and 0, and a small central 
hole, H, through which a 
thin wire, V (preferably of 
platinum), descends from 
the balance. The central 
hole should be covered with 
a thin aluminium disc, D, 
as described above. The 
pan, P, may be of platinum 
or copper, and should be 
heavy enough when empty 
to keep the wire quite taut. 

The beaker, B, is placed 
with a loose cotton-wool 
packing, W, inside a larger 
jar, J. 

First find the constant of 
the empty pan as described 
above. Take the tempera- Fig. 125. 

ture and pass the steam. 

After 4 or 5 minutes the pan ceases to increase sensibly in 
weight, and the equilibrium of the balance is maintained 
very nearly permanent. If the aluminium disc moves 
freely, it will adjust its position so that the wire, V, 
always passes freely throu^ the hole in the disc. Care 
should be taken that water is not deposited on the wire 
and in the hole. Note the increase of weight,* and then 

* For accurate result the difference in weights should be oorreoted 
in the first case for the buoyancy of air and in the second for the 
buoyancy of steam. 
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shut off the steam. The calculations are performed as 
under. When the beaker is cold, clean and dry the pan, 
put on a lump, S, of the substance and repeat the experi- 
ment. Repeat two or three times until the results are 
in close agreement. 


Example. (1) Find the constant of the pan of a Joly’s steam 
calorimeter from the following readings : — 

Initial temperature 13® C., temperature of steam 101* C., increase 
of weight of pan = *252 gm. 

If c » water equivalent of the pan, 

c X (101 - 13) = -252 X 640, 


•252 X 540 
88 


1 ‘55 gm. 


(2) A lump of quartz was placed on the above jmn and the 
experiment repeated. Mass or quartz 16*73 gm., initial tempera- 
ture 15’2°C., temperature of steam 100*6® C., increase of weight 
of pan *7420 gm. Find the sp. ht. of quartz. 

We have 


(16*73 « + 1*55) (100*5 - 16*2) = *7420 x 640. 

16-73 » = - ’ISS = *'70 - 1-65 = 315. 


t = -188. 


Exp. 135 . Find the specific heads of glass and aniline by the steam 
caUmmeter. First make a glass bulb, not too large to rest on the pan 
and yet sufficient to hold alx)ut 6 gm. of liquid. Find the spooiHo 
heat of the bulb as described above. Repeat till the results agree. 
Then fill the bulb with aniline, seal the top, replace on the pan and 
repeat the experiment. The calculations are as before. Repeat till, 
with practice, the results agree. 


166. The specific heats of gases. Dr. Joly employed an 
improved form of this calorimeter to determine the specific 
heat of gases at constant volume. In the improved form, 
known as the differential steam calorimeter, two exactly 
similar pans hang one from each arm of the balance in a 
large steam chamber. If the two pans are exactly alike 
and have the same water equivalent, it is evident that they 
will counterpoise each other throughout an experiment, 
and the corrections for buoyancy, water equivalent of pan, 
and in fact all corrections necessary for symmetrical sources 
of error in the c^orimeter become unnecessaiy. 
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Figure 126, reduced from Dr. Joly^’s paper, shows the 
front and end views of the differential steam calorimeter 
as used for determining the specific heat of gases at con- 
stant volumes. 

The gas experimented on was placed in two exactly 
similar spherical shells of copper made strong enough to 
stand a pressure of between 30 and 40 atmospheres. One 



shell contained the gas at a pressure of about 20 atmo- 
spheres, and in the other the pressure was reduced prac- 
tically to a vacuum. These shells, with small “catch- 
waters attached to them, took the place of the platinum 
scale-pans, and were suspended from the arms of the 
balance in the steam chamber, and carefully balanced at a 
known temperature. Steam was then admitted in the 
usual way and a balance again obtained. 

It is evident that under these conditions the excess of 
water which condmises on the shell containing the gas at 
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high pressure is that which in condensing to water gives 
out the heat required to raise the excess of air in this shell 
through the known range of temperature. In this way the 
specific heat of air and other gases at constant volume has 
b^n directly determined. 

For very accurate work correction has to be made on 
account of the change of volume of the shell due to heating 
and pressure, but the errors due to these causes are small. 

The experiments confirm the result obtained for air by 
the method of Art. 246, last paragraph. They also show 
that the specific heat at constant volume for air and car- 
bonic acid gas increases with pressure— thus, at about 7 
atmospheres pressure the specinc heat of carbonic acid gas 
is *168, at 22 atmospheres it is about T74, and for air the 
specific heat at 20 atmospheres pressure is about 173. 
The specific heat of hydrogen at atmospheric pressure was 
found to be about 2'4, and apparently decreases with in- 
crease of pressure. 


EXERCISES XI. 

1. A flask containing water is heated. When the water boils, the 
flask is carefully closed with a cork and removed from the flame. 
Explain why, when the flask is dipped into cold water, the water 
inside begins to boil again. 

2. The temperature of a room the doors and windows of which 
had been kept shut for some time was 80® F. Some water (also at 
8(f) was sprinkled over the floor, and the temperature at once fell 
several degrees. Explain this. 

3. The boiling point of water on the top of a mountain is found to 
be 89-(fC. Wliat would be the height of a barometer there? 
Express the pressure in dynes per sq. cm. (Take g =» 980.) 

4. A glass bottle and a bottle of porous earthenware are both 
filled with water and exposed to the air side by side. Usually', the 
water in the earthenware bottle becomes decidedly colder than that 
in the glass ; why is this ? If there is little or no difference of 
temperature, what conclusion may we draw as to the state of tbe 
atmosphere ? and why ? 

5. If the maximum pressure of water vapour is 758 mm. at 
99'93® C. and 759 mm. at 99 WC., what increase in size takes place 
m a bubble of air just under tiie surface of some water as the tem- 
perature rises from 90*93 to 99*96, supposing the pressure of the 
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atmosphere to be 760 mm. ? What furtlmr increase would take 
place as the temperature rose from 99 “OG" C. to lOO^C. ! 

6. A bubble of air is formed 68 mm. below the surface of water 
at 10° C. Find how many bubbles (of air and water vapour) .of 
volume equal to its own this bubble may give rise to when the 
temperature rises to 90^ C. Height of barometer == 760 mm. 

7. Into 200 gm. of water at 20“ C. are poured 100 gm. of pounded 
ice at 0°C. Steam is then passed into the mixture until all the ice 
has melted and the temperature of the water is again C. On 
weighing, the increase is found to be 16 *2 gm. Find the latent 
heat of vaporisation of water. 

8. Fifty gm. of steam at 100“ G. are passed into a mixture of 100 
gm. of ice and 200 gm. of water at (f Cf. Find the rise of tempera- 
ture produced. Tm water equivalent of the vessel containing the 
mixture of water and ice is 15 gm. 

9. Find the latent heat of steam at 100° C. from these data ; — 


Weight of calorimeter 105 gm. 

„ „ „ and water . . . 346 gm. 

Initial temperature of calorimeter and water . 4“ 0. 

Final „ „ „ ,, „ . 24° 0. 

Weight of calorimeter, etc., at the end of the 

experiment 354*16 gm. 

Water equivalent of calorimetric apparatus . 9 gm. 
Height of barometer 752 ram. 


(The steam is produced at atmospheric pressure.) 

10. Ten gm. of steam at 60° C. are passed into 600 gm. of water 
at 4° C. The final temperature of the mixture is 14*18° C. Find the 
latent heat of steam at 60° C. Verify by Regnault’s formula. 

11. Find the quantity of heat required to vaporise 10 gm. of 
alcohol at 78*3“ 0. (Latent heat of alcohol at 78*3° = 202.) 

12. Twenty gm. of ether vapour at .35° C. are passed into 100 
gm. of ether at 0°C. in a copper vessel weighing 12*5 gm. Find the 
final temperature. (Sp. ht. of ether =» *53. Intent at 35° = 90*5.) 

13. Find the specific heat of quarts from the following data 
observed in an experiment with the steam calorimeter : 16*73 gm. of 
quartz were hung in a chamber at 16*25° C. Steam at 100*50° C. 
was then passed into the chamber and the water condensed on the 
quartz weighed *497 gm. 

14. Explain why if we bubble steam at 100° C. through a 
solution of calcium chloride the temperature can be raised far alwve 
the initial temperature of the steam. 
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HYGROMETRY* 

Formation of Clouds, Foo, and Dew. Meteorology. 

166. Water vapour in the air. Evaporation is con- 
stantly going on from the surface of the sea, rivers, and 
lakes. There must therefore always be some water vapour 
in the air. This water vapour when quite free from small 
particles of condensed water is invisible, but we may con- 
vince ourselves of its presence by one or two simple 
experiments, 

Exp. 136. Fit a flask with a delivery tube, as shown in Fig. 127, 
and toil some water in it. A steady current of water vapour 
obviously issues from the delivery 
tube and mixes with the air in the 
room. Water vapour must there- 
fore be diffused throughout the air in 
the room, although, with the excep- 
tion of the small cloud of oondens^ 
vapour at the mouth of the tube, 
there is no visible sign of its pre- 
sence. 

Note in this experiment (a) the dry 
water vapour in the flask and in the 
tube is invisible, {b) the jet of steam 
issuing from the tube is invisible until 
it is condensed by oont^t with the 
colder air to form the small cloud 
which appears at a «Aor< distance from 
the raoutn of the tube, (c) the cloud 
Fig. 127. consists of minute drops of water, [d] 

the water drops of the cloud quickly 
evaporate and the vapour diffuses throughout the air in the room. 



• Or. Aygros, wet ; mefron, a measure. 
368 
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Exp. 127. Fill a glass vessel full of cjold water and after thoroughly 
drying the outer surface of the vessel bring it into a “ living room ’’ 
or into a room where the preceding experiment is going on. Beads 
of moisture, resulting from the condensation of the vapour in the air, 
will quickly form on the surface of the cold glass. 

167. Relative humidity. We speak of the air as being 
dry or moist according as we think it contains little or 
much moisture, but the condition of the air, in relation to 
dryness or moisture, involves two elements: (1) the 
quantity of vapour actually present in the air, (2) the 
quantity of vapour necessary to saturate the air under the 
same conditions ; and it is on the ratio of these two elements 
that our sensations of dryness and moisture chiefly depend, 
and not on the first alone. Thus, the air in a warm room 
may really contain more aqueous vapour than the outside 
air and yet be drier because the amount required to saturate 
it is so much greater ; for we have seen that the mass of 
vapour required to saturate a given space increases with 
the temperature, and is independent of the presence of air 
or other gas in that space. 

The hygrometric state of the air, considered as the ratio 
of the mass of aqueous vapour actually present in a given 
volume to the mass of vapour required to saturate the 
same volume, at the same temperature, is called the 
humidity or relative humidity of the air. 

The relative humidity is usually expressed either as a 
ratio or as a percentage. 

Example. If a cubic metre of air at a particular temperature 
contains 10 gm. of aqueous vapour, and if ;K) gm. are required to 
saturate it at the same temperature, the relative humiaity is 
or 33 per cent. 

168. Determination of relative humidity by the absorption 
method. If we can find by actual experiment the mass of 
vapour really present in a given volume of air, and also 
calculate the mass of vapour required to saturate the same 
volume at the same temperature, we can at once find the 
relative humidity of the air. For this purpose a quantity 
of the air is drawn through a series of drying tubes con- 
taining fragments of pumice-stone soaked in concentrated 
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sulphuric acid. To effect this the drying tubes are con- 
nected together by short communicating tubes, and one 
end of the series is connected to the upper tube of an 
aspirator,* while the other opens into the outer air. The 
aspirator is filled with water, and, when the communica- 
tion with the drying tubes is effected, the upper and lower 
stopcocks are opened. The water then flows out by the 
lower tube, and air is sucked in through the drying tubes 
and is collected in the upper part of the aspirator. 

The air, in passing through the drying tubes, is deprived 
of its moisture, and by determining the increase in weight 
of the first two or three tubes, the weight of moisture 
deposited is known. The volume of the air drawn through 
the apparatus is determined by the weight of the water 
which lias escaped from the aspirator.f This volume 
being determine, it only remains to calculate, from 
Regnault’s tables (p. 273), the mass of vapour necessary 
to saturate it at its initial temperature, and tlien deduce the 
relative humidity from the ratio — 

Quantity of vapour actu ally present in the given volume 
Quantity of vapour that would saturate this volume at the existent’ 
temperature 

Exp. 136. Measure the amount of water vapour in the atmosphere 
and deduce the rdative humidity. Set up the apparatus and perform 
the experiment as describetl above. Consult Regnault’s tables 
and deduce the relative humidity. 

Instead of consulting Kegnault^s tables a direct deter- 
mination may be made of the quantity of water required 
to saturate a given volume of air. 

Exp. 139. Attach to the inlet of the drying tubes a long glass 
tube (1^" bore) containing crushed pumice-stone moistened with 
water. The air is now saturated by the time it gets to the drying 
tubes. To remove any drops of water mechanically carrieti by tiie 


* The aspirator. A, Fig. 126, is a large vessel of from 6 to 10 
litres capacity, having a tube fitted wiui a stopcock at its upper 
and lower ends. 

t If great accuraw is required this volume must be corrected for 
the temperature of the water in the aspirator and the aqueous 
vapour present (See Art. 176.) 
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stream of air insert a tube packed wilii cotton-wool between the 
saturating tube and the drying tubes. The drying tubes thus record 
the mass of vapour requir^ to saturate air at its temperature when 
leaving the long tube. To measure the temperature inserts ther- 
mometer in the long tube, with its bulb just opposite the connecting 
tube to the drying tubes. Since the temperatures of the air in the 
two experiments are not likely to be the same a slight temperature 
correction is necessary. 

Exps. 128 aud 129 can be made into one experiment bj 
putting all the tubes in “ series."’ The air must first go 
through the tubes of Exp. 128 and then through the 
“ saturator” and the tubes of Exp. 129. In this case the 
volume of air passing through the tubes need not be 
measured and the suction of air can conveniently be 
arranged by joining up the tubes to a water-pump working 
gently. The tubes can then be left for any time. 

169. Dew-point. Under ordinary circumstances the 
quantity of water vapour present in the air is not enough 
to produce saturation, and the pressure due to the vapour 
present is therefore less than the maximum vapour pressure 
for the temperature of the air. If, however, the air be 
gradually cooled a temperature is soon reached at which 
the amount of vapour actually present is sujEcient to 
produce saturation. This temperature is called the dew- 
point. At the dew-point the air is saturated with the 
vapour present, and the pressure due to the vapour is 
therefore the maximum vapour pressure at that tem- 
perature. 

When the air is cooled below the dew-point condensation 
begins at the dew-point, and as the temperature falls the 
excess of vapour over the amount necessary to give 
saturation at any temperature condenses out. If the air 
is cooled by contact with the surface of a cold body the 
layer of air in contact with the surface quickly reaches the 
dew-point, and a film of condensed moisture or dew is 
deposited on the cooling * sxirface (see Exp. 127). If, 
however, the air is cooled, as a whole or in part, without 
being in contact with a cooling surface on which the 
condensed moisture may be deposited, a slight cloud or 
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fog of minute drops of condensed water may form in the 
cooled air or (under favourable conditions) there may be 
Bupersaturation. 

170. Determination of relative humidity from a know- 
ledge of the dew-point. The absorption method described 
in Art. 168 leaves nothing to be desired so far as accuracy 
is concerned, but it is a somewhat tedious and difficult pro- 
cess ; and, as it is very often necessary, for meteorological 
and other purposes, to know the hygrometric state of the air 
at the actual instant considered, and not the mean hygro- 
metric state during, say, an hour, simpler methods based 
upon the determination of the dew-point have been adopted. 

Since water vapour approximately obeys Boyle's law 
even up to saturation, the mass of water present, per unit 
volume, is proportional (approximately) to the pressure it 
exerts. And this is the saturation pressure at the dew- 
point. We may therefore adopt the following as an 
alternative definition of relative humidity:— 

The relative humidity of the air at a given instant is 
equal to the ratio of the maximum vapour pressure at the 
temperature of the dew-point to the maximum vapour 
pressure at the actual temperature of the air. 

11 m = mass of water vapour actually present in the air, 

M = mass of water vapour necessary to saturate the air under 
the existing conditions, 

/ sa maximum pressure of water vapour at the dew-point, 

F » maximum pressure of water vapour at the temperature of 
the air, 

then the relative hmnidity “ ^ ” p • 

Tables such as the following have been drawn up show- 
ing the maximum pressure of aqueous vapour and the 
mass of vapour present in a given volume of air for various 
temperatures. It will be seen that the numbers in the two 
columns (under / and m) are very nearly proportional to 
each other. They are not quite proportional, for unsaturated 
vapours only approximately obey the gaseous laws. The 
proportionality is, however, sufficiently close for all practical 
purposes. 
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TABLE SHOWING PRESSURE OF AQUEOUS VAPOUR (/) 
IN MM. OF MERCURY. AND MASS OF WATER (m) IN 
GRAMMES CONTAINED IN 1 CUBIC METRE OF AIR, 
WITH DEW-POINT (t).~{Regnavlt ami Magnus ) 


t 

/ 

m 

t 

/ 

in 

t 

/ 

111 

t 

/ 

m 

c. 

mm. 

gms. 

C. 

mm. 

gniB, 

C. 

ram. 

gms. 

c. 

mm. 

gnig. 

- K/ 

20 

21 

(f 

46 

4-9 

10'’ 

91 

9-4 

20" 

17'4 

17'2 

- 9 

2-2 

2-4 

1 

4-9 

0-2 

11 

9-8 

lO'O 

21 

18-5 

18‘2 

- 8 

2-4 

2-7 

2 

6-3 

5-6 

12 

10*4 

106 

22 

19-7 

19-3 

— 7 

20 

30 

3 

6-7 

00 

13 

111 

113 

23 

209 

20-4 

- 6 

2-8 

32 

4 

61 

64 

14 

119 

120 

24 

22-2 

21*5 

- 6 

31 

35 

6 

6-5 

6-8 

15 

12-7 

12 8 

25 

23’6 

22*9 

- 4 

3-3 

3-8 

6 

70 

7*3 

16 

13-6 

130 

26 

25-0 

24-2 

- ,3 

3 0 

41 

7 

75 

7-7 

17 

144 

14’5 

27 

23-5 

25*0 

- 2 

3-9 

4-4 

8 

8 0 

8-1 

18 

15-4 

15'4 

1'8 

28-1 

27*0 

- 1 

42 

4-0 

9 

8-5 

8-8 

19 

163 

10-2 ^ 

29 

29'8 

28*8 

- 0 

40 

4-9 

10 

91 

94 

20 

17-4 

17-2 I 

30 

31*6 

30*1 


Exp. 130. Determine the dew-point and calculate the 
relative humidity of the air. Half fill a thin glass (plain 
ruby or green) with water from the tap. Add small pieces 
of ice, stir with the thermometer and not-e the temperature 
when a deposit of moisture begins to show on the glass. 
This is the dew-point. Check it by withdrawing the ice 
and allowing the temperature to rise, noting the tempera- 
ture at which the last traces of dew vanish. Take the 
mean of the two readings as the dew-point. Dry the 
thermometer and note the tempemture of the air. Look 
up in the table the saturation pressures at these tempera- 
tures and calculate the relative humidity. 

Thus if the dew-point is 10° C. and the air temperature 
is 15° C., the relative humidity 

maximum pressure of water vapour at 10* 0. 
maximum pressure ot water vapour at IS^O. 
or 72 per cent, 
n. T. ?. 


91 

' 12-7 * 


•72, 


18 
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171. Dew-point hygprometers. These are instruments 
devised for determining the dew-point, and thus, as ex- 
plained above, indicating the hygrometric state of the air ; 
they assume somewhat different forms, but the principle of 
action is the same in each. The more important forms are 
given below : — 


172. Regnault’s hygrometer. This consists (Fig. 128) 
of a glass tube, T, closed below by a thin silver cap, S. Its 
moutii is fitted with a cork carrying a thermometer, t, and a 
piece of tubing, d, both passing dovm nearly to the bottom 
of the tube. To use the instrument ether is placed in the 

tube, and a current of air 



Fig. 128 . 


is drawn through by the 
•fid aspirator. A*; entering 
by d, the air bubbles 
through the liquid and 
enters A after passing 
through the side tube e 
and the vertical tube 
V. This passage of air 
through the ether in S 
causes rapid evaporation 


to take place ; the tem- 
perature of the liquid therefore falls, ana ultimately the 
aqueous vapour in the air condenses on the surface of S. 


The temperature is then read. This will be below the 
dew-point, as no dew is seen till a perceptible quantity has 
formed. The aspirator is now shut off ; the temperature 
of S rises, and when the last trace of dew vanishes the 


temperature is again read. The mean of the readings is 
the dew-point. 


By regulating the current of air the cooling of the liquid 
in 8 may be made sufficiently slow to note, with accuracy, 
the temperature at which the film of moisture commences 
to form on S. This observation is usually further facili- 
tated by having a second tube, S', similar to the hygrometer 


* The sepirator should in praotioe be placed a considerable distance 
away from the hygrometer, so that tne water in the pan may not 
alter the bygrometric state of the air near the hygrometer. 
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tube, supported on the same stand, in such a position that 
the appearance of the two silver caps may be easily con- 
trasted, and the dimness due to the deposition of moisture 
on S more readily detected. S' is not, however, an essential 
part of the instrument : it has no connection with S or V,* 
and serves only for comparison, as explained above, and to 
carry a thermometer, t\ which gives the temperature of 
the air. 

In order to obtain good determinations with any form of 
dew-point hygrometer, the experiment should be repeated 
until the temperatures pf appearance and disappearance of 
the film of moisture on the cold surface are very nearly 
the same, say within 0 5° C. of each other. The observations 
should be made by means of a telescope at some distance 
from the apparatus, so that all risk of error due to the 
proximity of the observer is obviated. If a telescope is 
not available the observer should place a large sheet of 
glass between himself and the instrument. If a fine wire 
is drawn over the surface of the bulb it is easy to detect 
the first traces of moisture. 

173. Dines’s hygrometer. This is a simple and con- 
venient form of hygrometer (Fig. 129). K is a small 
reservoir which communicates, by means of a tube with 
the lower compartment of 
a small double chamber 
C ; in the upper compart- 
ment is placed the bulb 
of a thermometer. The 
stem of the thermome- 
ter is visible from above Fig. 129. 

through a narrow groove 

cut in the stand, and the chamber C is roofed over by a 
piece of thin black glass qq, on which the slightest film 6f 
moisture is easily perceived. To determine the dew-point 
cold water, containing ice if necessary, is put in B» and a 
slow stream allowed to flow through C, around the ther- 
mometer, under the black glass, and out at d. The glass 

* The side tube shown is sealed. 
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is thus cooled, and when its temperature reaches the dew- 
point it becomes dimmed with dew. The flow is then 
stopped and the temperature, when the dimness just 
vanishes, is read. The experiment is then repeated as 
with Kegnault’s hygrometer. 

In another form of Dines’s instrument two reservoirs 
are used, one containing cold water, the other water at the 
air temperature. Better results are thus obtained. 

174. Daniell’s hygrometer. This is the oldest and most 
objectionable form of hygrometer. It has now lieen 
generally superseded by the others. In principle it is 
a simple modification of the cryophorus, containing ether 
inst(‘ad of water. One of the globes, A (Fig. 130), is 
made of black glass, or has a zone of gilding round it, 
and contains a small thermometer t ; the 
other, B, is a plain glass bulb. The tube 
and attached bulbs are mounted on a suit- 
able stand carrying a thermometer, which 
serves to indicate the temperature of the 
air. 

To use the instrument, all the ether is 
passed into A, and B is covered with muslin; 
a small quantity of ether is then poured 
on this muslin, from which it rapidly 
evapomtes, and, in so doing, absorbs heat from B. The 
cold thus produced tends to condense the ether vapour in 
B ; this causes rapid evaporation from the surf^^ of the 
liquid in A, and consequently the temperature indicated 
by the thermometer t rapidly falls. As this goes on the 
surface of A is carefully watched, and the temperature, 
given by t, at which dew begins to form on it is carefully 
noted. The instrument is now left to itself until the dew 
thus formed on A entirely disappears, and the reading of t 
at the instant of disappearance is recorded. The dew- 
point is very approximately given by the mean of the two 
readings thus taken. 

The tempemture of the air is given by the thermometer 

and thus sufiScient data for the detennination of relative 
humidity are obtained. It should be noticed that, in this 



Fig. 130. 
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instrument, the cold produced by evaporation is utilised in 
two distinct ways : (1) in condensing the vapour in B, and 
thus causing evaporation of the liquid in A; and (2) in 
cooling the bulb A, so that the moisture of the air may be 
deposited upon it as dew, when the point of saturation 
(dew-point) is reached. 

The disadvantages of this instrument are — 

(1) The hygrometric state of the air is disturbed by the 
ether vapour aroimd B and by the proximity of the ob- 
server. 


(2) The thermometer t does not indicate correctly the 
temperature of the surface of A (for 


the liquid in A is at rest). 

Exp. 131. Find the dew-point by 
one or more forms of hygrometer. At 
the same time use an absorption hy- 
grometer to find the amount of water 
vapour in the air and deduce the dew- 
point from the result obtained and 
Kegna\ilt’s tables. Compare the values 
obtained for the dew-points by the two 
methods. 

175. Wet and ^ bulb hygrometer. 

This instrument is sometimes called 
Mason'i hygrometer. It consists of 
two exactly similar thermometers (Fig. 
131), mounted on the same stand in 
such a way that the air can circulate 
freely round their bulbs. One thermo- 
meter is used merely to give the tem- 
prature of the air; the other has its 
bulb covered with muslin, which is 
kept moist by means of an attached 
wick* communicating with a vessel of 



Fig. 131. 


water. The evaporation which takes 

place from this wet bulb produces a fall of temperature, 


* The wiok should be boiled in washing soda to remove grease, 
and then in water before attaching as above. 
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and consequently the wet bulb thermometer always reads 
lower than the dry bulb. 

Now it is evident that this difference of temperature 
between the two thermometers, depending, as it does, on 
the cold produced by evaporation from the wet bulb, will 
be proportional to the rate at which evaporation takes 
place, and, as this depends on the quantity of moisture 
already in the air, we can see that the difference of tem- 
perature of the thermometers is indirectly related to the 
nygrometric state of the air. If this relation can be 
discovered it may serve to determine the humidity of the 
air, but, as the assumptions involved are somewhat doubt- 
ful, it is usual to determine the dew-point from the ther- 
mometric readings, by means of tables, empirically con- 
structed from the simultaneous indications of a dew-point 
instrument. 

In the first table shown below, which is due to Glaisher, 
the formula used in calculating the dew-point is 
i - d = A(< - <j), 

where i and d ° F. are the temperatures of the drv 
bulb, wet bulb, dew-point respectively, and A is a factor 
which depends on the temperature of the dry bulb. 


OLAISHER’S HYOROMETRIC FACTORS.* 


Reading 
of Dry 
Bulb. 

Factor. 

Reading 
of Dry 
Bulb. 

Factor, 

Hea<ling 
of Pry 
Bulb. 

Factor. 

Refuting 
of Dry 
Bulb. 

Factor. 

°P. 


‘’P. 


° P. 


'"P. 


22 

7'0O 

42 

223 

62 

1’86 

82 

1-67 

24 

6*92 

44 

218 

64 

1-83 

84 

166 

26 

608 

46 

214 

66 

1-81 

86 

1*65 

28 

612 

48 

210 

68 

179 

88 

1*64 

30 

415 

60 

1 206 

70 

177 

90 

1*63 

82 

3-32 

52 

1 2-02 

72 

175 

92 

1-62 

34 

2-77 

54 

1-98 

74 

173 

94 

1*60 

36 

2-60 

56 

104 

76 

171 

96 

1*59 

38 

2'36 

58 

IW 

78 

1*69 

98 

1*58 

40 

2-29 

60 

1-88 

80 

vm 

100 

1*67 


From the Observer's Handbook of the Meteorological OJice. 
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The values of A were determined by Olaisher from the 
comparison of thousands of simultaneous observations 
made with the wet and dry bulb thermometers and 
Daniell’s hygrometer at widely varying temperatures. 

The next table is on a different plan. To use it the 
readings must be converted to degrees Centigrade. 

From the top line look out the difference between the 
wet and dry readings, follow down the column under this, 
and pick out the number that is on the same line as the 
air or diy bulb temperature in the first column. This 
number is /, the pressure in mm. of the vapour actually 
present in the air at the time of observation. The second 
column, under difference 0, gives the saturation pressures 
of aqueous vapour at the temperatures indicated in the first 
column. Hence look down the column under 0 for the 
number equal to /.* the temperature beside this is the dew- 
point (interpolation may be necessary). 


WET AND DRY BULB HYGROMETER. * 


^ s 


Difference between Wet and Drj Bulbs in ®i 

0. 


H 

0 

1 

2 

3 

4 

6 

6 

7 

8 

« ! 

10 




Saturation PreHSures in 

mm. of Mercury. 



0 

4-6 

3-7 

2-9 

21 

1-3 







2 

5-3 

4-4 

3-6 

2-7 

1*9 

ri 

0*3 





4 

61 

62 

4-3 

3-4 

2*6 

1*8 

0*9 





6 

70 

60 

61 

4*2 

3*3 

2*4 

1-6 





8 

80 

70 

60 

6*0 

41 

32 

2'8 

1*4 

0-6 



10 

9-2 

81 

70 

6*0 

5*0 

4*0 

3*1 

2*2 

1*3 



12 

10-5 

9-3 

8-2 

7*1 

6*0 

50 

4*0 

30 

2*1 

1*2 

0*3 

U 

11-9 

10-7 

9-4 

8*3 

7*1 

61 

50 

4*0 

30 

2*0 

1*1 

16 

13-5 

12-2 

109 

9-7 

8*4 

73 

6*3 

50 

40 

3*0 

1*9 

18 

15-4 

139 

12-6 

11-2 

9*9 

8*6 

7*4 

6*3 

61 

40 

3*0 

20 

17-4 

16-9 

14-3 

129 

11*5 

10*2 

8*8 

7*6 

6*4 

5*2 

41 

22 

19-7 

180 

16*4 

14*8 

133 

11*9 

10*5 

9*1 

7*8 

6*6 

6*4 

24 

22-2 

204 

18-6 

170 

16*3 

13*8 

12*3 

j 

10*9 

9*4 

8*1 

♦>.8 


For intermediate temperatures take proportional values. 
* From Smithsonian table, No. 170. 
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176. The mass of a given volnme of moist air. To 

calculate this we requii*e the following two facts : — 

(1) The mass of one litre of dry air at 0°C. and a 
pressure of 760 mm. of mercury is 1-293 grammes. 

(2) The mass of one litre of water vapour at any 
ordinary temperature and pressure is nearly | of the mass 
of one litre of dry air at the same temperature and pressure. 

Consider a volume of V litres of moist air at pressure P 
and temperature C. and let / denote the pressure exerted 
by the aqueous vapour present. The entire gaseous mass 
may be considered as made up of two parts : 

(a) A volume V of dry air at pressure (P— /) and 
tem})erature the mass of which is given by 

M'=Vx 11293 gramme. 


(h) A volume V of water vapour at pressure / and 
temperature fO.t the mass of which is given by 

m = I (V X 11293 X ^ X grammes. 


Hence the total mass of the volume V of moist air is 
given by 

M » M' + m 


Vx 1-293x27.3,,^ rv . « 
" W+ 0 X 760- < 


. V X 1-293 X 273 
* "(273 + ^) xTtid 


(P — f/) grammes, 


which is less than the mass the air would have if dry. 


Exp 132. Take some hygrometers and from their read- 
ings find the dew-point and the relative humidity. Calcu- 
late the mass of a cubic metre of the air present in tlie 
atmosphere at the time and of the amount of water vapour 
in it. 

Observe the dew-point (0°C,), the reiwliug of the dry 
and wet bulbs (f O. and the height of the barometer 
{h cm.), and its temperature ('JT C.). 



HTOEOMBTBT. 


281 


Record ae follows : — 

Wet and dry bulb hygrometer : temperature, wet bulb 
12'^t5.,dry bulb 16*^0. 

/ appearance of dew on cooling 

I Q. to 0 

Eegnault’s hygrometer { , 

® ® i disappearance of dew on warm- 

I inglO'5®C. 

Barometer : height 77 41 cm., temp. 16° C., brass scale. 
Calculation of dew-point : 

(1) From Regnault’s hygrometer: dew-point = 4 (9*6 
4-10’5) = 10°C. 

(2) From wet and dry bulb hygrometer : 

(а) From Smithsonian table. Difference in temperature 
lietween wet and dry bulb = 3° C. ; therefore by the table 
the saturation pressure = mean of 8*3 and 97 = 9 0 nun. of 
mercury, therefore the temperature of the dew-point 

= 8-0 + j^of 20 = 9 rc. 

1-2 

(б) From Glaisher’s table. Dry bulb reading = 16° C. 
= 69° F. Wet bulb reading = 12° C. = 63 6° F. 

69 - d =» 1-89 (69 - 53-6) = 1'89 x 5’4 = 10*2. 
d = 49° F. =9*5^0. 

The average value of the dew-point is the mean of the 
above three results = 97° C. 

Calculation of relative humidity : 

Maximum vapour pressure at the air temperature 16° C. 
= 127 mm. (see table, p. 273). 

Maximum vapour pressure at the dew-point 97° 0. 
= 8*9 mm. (see table, p. 273). 

8*9 

relative humidity s=* = *70, or 70 per cent 

Height of harometer (corrected to 0°C.) 

= 77*41 (1 - -000162 X 15) 

» 77-41 - -000162 X 16 X 77 *41 
« 77*22oiiv 


(Art 62 ). 
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Ccdcidation of mass of a cubic metre of moist air : 

Total pressure = 77*22 cm., the vapour pressure = 8’9 m. 

= ‘89 cm. 

. *. pressure of the dry air =■ 76*33 om. 

mass of the dry air « 1293 x x « 1231 gm. 

t&8o 76 

and mass of the water vapour * y X 1293 x ^ ^ ® 

. *. total mass » 1240 gm. 

177. Hygroscopes are contrivances with hair, catgut, 
etc., which serve to indicate the humidity of the air by 
means of some physical effect produced by the absorption 
of moisture. 

Many substances absorb moisture to a degree dependent 
on the quantity present in the air, and this absorption is 
generally accompanied by some variation in the form or 
condition of the substance. The nature of the variation 
depends on the structure ; for instance, membranous bodies, 
such as paper, parchment, etc., expand and contract ac- 
cording as they absorb or lose moisture ; filamentous sub- 
stances change much more in thickness than in length; 
ropes, strings, and threads, which are composed of twisted 
fibres, swell out and shorten* on the absorption of mois- 
ture. Hair, owing to its peculiar structure, shortens as the 
humidity increases. A single hair is made up of a series 
of cones fitting one into the other; on absorption of 
moisture it swells out, and the vertical angles of the cones 
increase. Consequently the cones become flatter and the 
length of the hair decreases, 

lie Saussure’s hygroscope (Fig. 132) is of historic 
interest, as being the first instrument devised for hygro- 
metric purposes. It consists of a hair from which all 

• It should be noticed that the individual fibres of a rope, etc., 
probably increase slightly in length, but the rope, as a whole, 
shortens for the same reason that a number of thick strings form, 
on twisting, a shorter rope than the same number of fine strings of 
thtf same length twisted to the same extent. 
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grease has been removed by washing it in a solution of 
soda. It is fastened at the top to a screw-pin, and at the 
lower end passes once round a pulley, and carries a small 
weight, which keeps it tightly stretched. 

Att^hed to the pulley is a needle, which 
indicates on a scale the change in length 
of the hair corresponding to changes in 
the humidity of the air. The scale round 
which the needle moves is graduated to 
indicate various degrees of humidity, but 
the indications are only .relative, and the 
instrument is never used for accurate 
scientific work, but serves a useful pur- 
pose as a recording instrument. 

178. Formation of cloud and rain. 

Clouds are formed by local condensation 
of the water vapour present in the air in 
the upper regions of the atmosphere. 

They consist chiefly of very minute drops 
of water, which, on account of their small 
size, fall very slowly through the air. 

One method of cloud formation is 
illustrated by what takes place in Exp. 

126. The jet of steam issuing from the 
flask supplies water vapour more rapidly than it can be 
distributed throughout the air by diffusion. Hence in the 
region of over supply the vapour condenses and forms a 
small cloud.” 

In nature this process of cloud formation occurs some- 
times, but it is by no means the commonest process. It is 
well known that if the pressure on a gas is reduced the 
volume increases, and if no heat is passed into the gas from 
without the gas becomes colder, and if the process is carried 
far enough any water vapour in the gas separates out in 
minute drops. 

Exp. 133.— Place a little water in a laree flask and shake well, so 
that the air in the flask becomes saturatedwith water vapour. Now 
apply the mouth to the flask and give a quick exhaust. The interior 
of the flask fills with mist. 



Fig. 132. 
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In nature cooling of air con^uent on decrease of pres- 
sure occurs when a mass of air leaves the surface of the 
earth and ascends to up|)er regions. At first cloud is 
formed and ultimately ram is produced. In fact, some 
meteorologists regard an ascending current of air as twces- 
sary for the production of a measurable rainfall. * 

It should be specially noted that cloud really marks a 
region of condensation which is fed bjr vapour from the 
flask, and is limited in extent by continuous vaporisation 
and diffusion from its outer surface. The cloud is there- 
fore not a floating mass of unchanging material, but a 
constantly changing mass of condensed vapour, which is 
continuously forint by condensation in the condensation 
region, and is as rapidly dissipated by vaporisation and 
diffusion at its outer surface, A cloud cannot therefore lie 
said to float ; it is merely a formation marking any region 
in which the conditions which determine condensation may 
obtain. 

The great variety of cloud-forms is due to the variety 
of the conditions under which they are formed. By the 
methods indicated above huge clouds known as cumolai 
clouds form at the top of the ascending columns. Simi- 
larly, when currents of air at different temperatures meet, 
the layers of contact may become regions of condensation, 
and clouds, often of the stratus type, may form in these 
regions. 

In the case of clouds formed at great heights, where the 
temperature is very low, the constituent drops may be 
frozen into small ice particles, or the vapour may be con- 
densed in minute ice crystals, forming the beautiful clouds 
known as cirrus clouds. The dark rain clouds of cumulus- 
like structure are called nimbus clouds. 

• Ca«e8 in point where clouds and rain are continuously being 
formed by this means are seen on the mountainous West Coast of 
South America. The prevailing westerly winds laden with mois- 
ture, as they travel up the mountain side, rapidly reach rej^iona of 
low atmospheric pressure, and the water separates out, giving a 
copious rainfall. 'Hie same occurs to a less extent when south- 
westerly winds laden with water vapour from the Atlantic Ocean 
m^t the hills of N.W. and S.W. England and Wales. 
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If the lower layers of air are saturated the small cloud 
particles collect into drops and fall as rain. If the cold is 
sufficiently intense to freeze the minute particles before 
they collect into rain>drops a fall of snow results. If the 
rain-drops form and are then frozen tlie result is hail. 

Bain gauges are instruments designed for the measurement of the 
amount of rain that falls in a given time, which is usually 24 hours. 
The usuiil form consists of an outer vessel of copper which supports 
a copper funnel 5 in. in diameter fitted with an upright rim at the 
top. The stem of the funnel dips into an inner receiver of copper, 
in which the water collects. When the observer visits the gauge 
he pours the water from the- inner receiver into a glass measuring- 
jar, and then employs a numerical factor to turn the amount of water 
as measured in the jar into “ inches of rainfall.” 

179. Formation of fog or mist and hazj. When the 
vapour in the air condenses in regions at or near the sur- 
face of the earth fog or mist is produced. The mode of 
forijiatioii of fog is practically the same as in the case of a 
cloud, the difference in the appearance of the phenomena 
being mainly due to the fact that clouds are formed at con- 
siderable heights above the observer, while fogs and mists 
are formed near the surface of the earth. In the case 
of fog, however, the masses of air involved are often at 
rest or in very slow motion, and the bank of fog pro- 
duced is more stationary and fixed in form than a cloud 
usually is. 

The most frequent cause of fog is the cooling of the air 
below the dew-point. The fog region near Ne^oundland, 
for example, is due to the cooling of the warm vapoi^- 
laden wind from over the Gulf Stream by the cold air of 
the Labrador current. Similarly, when warm saturated air 
flows up a mountain side the cooling consequent on the 
expansion produces a thick mist around the mountain top. 

Fogs often form in river valleys and over lakea If the 
water is warmer th?in the air a fog is formed by the over- 
supply of vapour from its surface. If, however, the water 
is colder than the air the layers of air in contact with it 
are cooled below the dew-point, and a fog or mist appears. 
As explained above, the formation of fog is greatly facili- 
tated by the presence of small particles of matter in the 
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air. It seems probable, indeed, that nuclei of some kind 
are essential as centres of condensation for the formation 
of a fog. This explains the frequency of dense fogs in 
large towns. The smoko and dust particles in the air 
serve as convenient centres of condensation, so that directly 
the air is cooled below the dew-point, a fog composed of 
compai-atively large drops of water with a core of soot or 
dust is produced. 

To meteorological observers the words fog, mist, haze, indicate a 
deterioration of the transparency of the lower regions of the atmo- 
sphere caused by solid or liquid particles. Mist and fog refer to 
surface cloud, and the air is saturateil with water vapour when they 
occur. A slight fog is sometimes called a haze, but it is better to 
keep the term haze to the obscurity caused by smoke, dust, or other 
cause when the air is dry. In large cities the smoky surface cloud 
which occurs when the air is calm and dry is usually calle<i a fog ; 
it would be better termed a thick haze. 

Some draw a distinction between mist and fog by regarding a 
mist as a surface cloud which wets objects exposed to it, and a Tog 
as a surface cloud which does not wet eiimosed objects. The dis- 
tinction is, however, scarcely practical. Fog seems always to imply 
inconvenience to travellers, and it is in this sense that the terra 
may be most safely used ; the same oloud may be a fog to a person 
travelling in it, and a mist to a person looking at it from a dis- 
tance. 


180. Formation of dew.* A satisfactory theory of the 
formation of dew was first given by Wells. During the 
day objects on the surface of the earth are heated by direct 
radiation, and the air in contact with them is also heated, 
and generally contains a large quantity of aqueous vapour. 
During the night cooling takes place, and substances which 
radiate well quickly cool below the temperature of the sur- 
rounding air. As a consequence the air in contact yrith 
these l^ies also cools, and ultimately the dew-poirU 
(Art. 169) is reached, at which the air is saturated with 
the vapour it contains, and if further cooling takes place 
a portion of the vapour is deposited os dew on the surfaces 
of the adjacent bodies. 

* This cftnnot be folly iinder«tood until Ch. XIV. on Radiation 
has been read 
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On this theory it is evident that the following conditions 
are necessary for a copious deposition of dew ; — 

1. A clear sky, to allow free radiation into space. 

2. A calm state of the atmosphere, in order that the air 
in contact with any object may remain in position until 
cooled below the dew-point. 

3. The objects on which dew is deposited must be — 

(a) Good radiators, in order that they may cool 
rapidly. 

(b) Bad conductors, in order that the loss of heat by 
radiation may not be counterbalanced by a gain of heat 
from the earth by conduction. If the body is isolated and 
of small size it does not matter whether it is conducting or 
not. 

(c) Placed near the earth. When the substance is some 
distance above the earth the air in contact with it, on being 
cooled, sinks towards the earth, and its place is supplied by 
warmer air from above. In this way none of the air which 
comes in contact with the body may be sufficiently cooled 
to deposit its vapour as dew. 

For example, it is often found that certain objects are 
quite wet with the dew, while neighbouring ones may be 
almost free from it. Grass is always more heavily 
be<lewed than gravel or pebbles in its vicinity, and a 
polished metallic surface may remain quite dry among the 
dewy grass. The explanation of this is that grass radiates 
well, loses its heat quickly, and thus lowers considerably 
the temperature of the overlying air. Pebbles, gravel, and 
polished surfaces do not radiate so freely, and mav not 
become cold enough to reduce the temperature of the air 
above them to the dew-point. 

The temperature of the surface of a large body embedded 
in the ground will also depend on its conductivity ; for as 
the top surface is cooled by radiation heat will flow to it 
from me interior, which is at a higher temperature. Thus 
we see that the largest quantities of dew are formed on 
bodies which are good radiators and bad conductors. 

Wells’ theory has been confirmed by recent investigation, 
but other experiments have shovm that dew is derived not 
only from vapour present in the air, but also from vapour 
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arising from the earth and from the vegetation on wliich 
the dew is formed. 

181 . Formation of hoar-frost, rime, and glased frost. Hoar-frost 
resembles dew in its mode of formation. If the objects on which the 
water is deposited are below 0® C. the water freezes at once, and 
the projecting edges of the objects are outlined in tiny ioe crystals. 
This constitutes hoar-frost. 

Bime. This is an accumulation of frozen moisture on trees and 
e.xposed objects, which thus present a silvery white and rough 
appearance. Rime bears some resemblance to hoar-frost, but rime 
only occurs in a fog, whilst hoar-frost occurs on clear nights. The 
white deposit on gross which is often seen on cold foggy mornings 
is not rime, but hoar-frost formed before the development of the fog. 

Qlazed frost. This is a transparent glass-like coating of ice 
covering trees, buildings, etc. It is usuwly caused by rain which 
freezes as it reaches the ground. It may also occur when a warm 
moist air current sets in suddenly after intense cold. The moisture 
of the air separates out on cold surfaces and coats them with ioe. 


182. Other meteorologloal phenomena. 

Wind. Wind is air in motion, the motion being due 
either to convection (see Ch. VII.) or to the rotation of the 
earth or to both. The two factors usually measured in 
connection with wind are (1) the direction from which it is 
blowing and (2) its “ force ” or velocity. The direction is 
given by wind-vanes, smoke, etc., and the velocity is either 
estimated by noting its physical effect on surrounding 
objects such as trees, etc., or measured by an anemometer. 

The usual form of anemometer is Robinson's cup memo- 
meter. It consists of four hemispherical cups attached to 
the end of two crossed metal arms. The cross is pivoted 
at its central point in such a way as to be free to rotate in 
a horizontal plane. The difference of pressure of the wind 
on the convex and concave surfaces of the cups causes the 
cross to spin around. The number of revolutions of the 
cups in a given time is proportional to the amount of 
wind which passes them, and the total number of revolutions 
is recorded on a dial graduated to read to “ miles of wind.'' 
The more elaborate forms are arranged to give a continuous 
record. 

Cyclones and Anticyclones. A cyclone is a region of low 
barometric pressure. In general cyclones drift over the 
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United Kingdom from West to East, and their passage is 
usually accompanied by high winds and unsettled weather, 
cool in summer and warm in winter. An anticyclone is a 
region of high pressure. In general the motion of anti- 
cyclones are very irregular. Their presence usually means 
light variable winds and fine weather, hot in summer and 
cold in winter. For a further study of cyclones and anti- 
cyclones the student should refer to a text-book of meteoro- 
logy or physical geography or nature study. 

Sunshine recorders. The Campbell- Stokes sunshine 
recorder consists essentially of two parts : (1) a glass sphere 
(4 in. diam., focal length, 3 in., measured from the centre) 
which brings the sun’s rays to a focus, (2) a metal bowl 
carrying cards to form a belt, approximately spherical, on 
which the sun burns a record. The instrument is placed 
facing South and the hours of sunshine can be re^ off 
from the length of the burnt trace. 

In some parts of the country long strips of seaweed are 
kept as weather indicators. On the approach of wet 
weather the salt in the weed absorbs moisture and the 
weed becomes wet and slimy. “ Corns ” also serve some 
people as efficient weather indicators, and many animals 
have an intuitive fore-knowledge of weather changes. 

It may be mentioned at this point that meteorological 
observations have shown conclusively that there is no con- 
nection between the moon and the weather. 


EXERCISES XIL 

1. Why will spectacles often become dim on a frosty dOT if the 
wearer goes direct from the open air into a warm room ? Why does 
the dimness soon pass away ? 

2. (a) On a hot summer day, immediately after a rain-storm, a 
block of ice on a cart appears to be “ steaming.” (6) On a winter’s 
day a river sometimes steams.” Explain these phenomena. 

3. A mist is often said to ** rise from ” the ground. Explain in 
what sense this phrase is inoorreot 

U. T. 19 
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4. Tgrplftin the phenomena o£ snow, hail, and hoar-frost. 

6. How is the reading of a thermometer altered by wrapping a 
wet rag around the bulb? What will hapi>en if the rag is wetted 
with (!) ether, (2) oil instead of water? How do you explain the 
various results ? 

6. Two cubic metres of air at 17® C. were drawn through an 
absorption hygrometer, and 24*12 gm. of water were deposited in 
the tubes. Find the relative humidity of the air. 

7. Find the hygroraetric state of the air at 20®C., the dew-point 
being 10“ C. 

8. Find the dew-point when the relative humidity at2G’4“C. is 
20 per cent 

9. Find the mass of a litre of moist air at 18'’ C., the dew-point 
being 5*^ C. and the barometric height 757 ’5 mm. 

10. Two hundral c.c. of hydi-()geii, ine<isiirt‘d at 15® C. and 754*7 
ram. pressure, are ooUected over w'atei*. Find the mass of the h} dro- 
gen present. (I litre of hydrogen at and 700 mm, pressure 
weighs 0-0900 gm. ) 

11. Show the importance in the economy of Nature of the follow- 
ing properties of water: (1) its great specilic heat, (2) its great 
latent heat of fusion, (3) its great latent heat of vapttrisation, (4) its 
expansion on freezing, (5) its greatest density oceurring some dis- 
tance above its fi*eezing point, 

EXAMINATION QUESTIONS ON THE HIGHER CHANGE 
OF STATE AND HYGROMETRY. 

1. What is vapour pressure ? 

A long barometer tube can be moved up and down in a deep 
vessel nearly filled witli mercury. The reading of the barometer is 
75 cm. A few drops of water are introduced into the barometer 
tube, and the height of the mercury column falls to 73*5 cm., a filnj 
of moisture being visible on the top of the column. Explain the 
fall and state, giving reasons, whether the height of the barometer 
column or the amount of moisture visible would alter if the tube 
were ^ndually (1) raised, (2) lowered, in the vessel. 

2. A and B are two barometers. A has a little air above the 
mercury, while B has a little air and a drop of water. The reading 
of the two Urometers happen to be equal at the temperature of the 
room. Will they still be equal when the temperature is raised or 
lowered, and, if not, which will give the higher reading ? 

3. How would you measure the maximum vapour pressure of a 
liquid at temperatures below its boiling point? 

Give a sketch showing the general shape of the curve representing 
the relation between the vapour pressure and temperature for water, 
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4. Deaoiibe how to measure the maximum pressure of aqueous 
va{>our at various temperatures. Would it be possible to use any 
kind of vapour as the active suUtance in a thermometer ? 

5. Describe the properties of saturated and non*saturated vapours. 

A barometer tube dipping into a mercury reservoir contains a 

mixture of air and saturated vapour above a column of mercury 
wliich is 70 cm. above the level in the reservoir, the atmospheric 
pressure being 76 cm. What is the height of the mercury column 
when the tube is depressed so as to reduce the volume occupied by 
the air to one-half of its original value, the pressure of the saturated 
vapour being 1'5 cm. ? 

6. Determine the height of the barometer when a milligramme of 
air at '2T C. occupies a volume of 20 cub, cm. in a tube over mercury, 
tlie mercury stonding 73 cm. higher inside the tube than outside. 

I The volume of air at O'* C. under pressure of 76 cm. of mercury is 
773-4 o.e.] 

7. Describe and explain the apparent transfer of cold in the 
cryophoriis. 

8. What is the spheroidal state of a liquid? Why can liquid 
oxygen be poured on the hand with jmpunity ? 

0. Explain carefully the statement that the latent heat of fusion 
of water is 80. What is the unit in terms of which latent heat is 
measured ? Trace the changes in the temperature and volume of a 
kilogramme of ice at to which heat is applied until it is 

converted into steam. 

10. Explain carefully how the latent heat of evaporation of a 
liquid such as alcohol may be determined at different temperatures. 
Point out any sources of error, and explain how they may be 
eliminated. 

11. A mivss of 200 gm. of copper (sp. heat 0‘1) is hung in a closed 
chamber at a temperature of 5^ F. Steam is then admitted at the 
normal atmospheric pressure. Calculate the mass of water con* 
denscd by the copper. 

12. A copper sphere is suspended by a fine wire in a chamber 
whose temperature is 20® 0. Steam at 100° C. is then blown through 
the chamfer until the temperature of the chamber and steam is 
steady at 10(f 0. Explain carefully wlw the sphere becomes coated 
with a definite quantity of moisture. If the steam is out off before 
this steady tem^rature is attained, the highest common temperature 
of the sphere and moisture being 70® C., calculate the quantity of 
moisture on the sphere, the mass of the sphere being lOO gm., the 
■peoifio heat of copper 0*1, and the latent heat of vaporisatum of 
water at 100® C. 540 calories per gm. 
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13. The specific heat of a certain liquid is 0’42 calorie per fpn. 
per degree C., and its latent heat of vaporisjvtion at its boiling point, 
60” C., is 350 calories per grn. Calculate how much steam must be 
condensed in a tube leading through it to warm 2 kilogm. of the 
liquid from the air temperature lo"* C. to the boiling point of the 
liquid, and to boil away 20 gm. of the liquid. The condensed water 
remains in the tube. The thermal capacities of the containing 
vessel and condensing tube may be neglected. 

14. A calorimeter whoso capacity for heat is 48 calories has 
352 gni. of water in it, and the whole weighs 882 0 gm. Into this 
steam at atmospheriojnressuro is condensed till its tctnperatui*c rises 
from 12’2”0. to 18*7” C., and on weighing again the calorimeter 
weighs 886*2 gm. Find tlic latent hoiit of vaporisation of water. 

15. What is known about the latent heat of vaporisation of water 
at different temperatures ? 

If a l)oiler receives J10,000 calories per minute through every 
square metre of its fire-box surface, the total surface l>eing, say, 
5 s^juare metres; and if its temperature be 140^0., while it is fed 
witii condenser water at 45" ; what weight of steam wt)ul(l you expect 
to be al)le to regularly draw off per liour ? (Assume that the specific 
heat of water up to 140" C. is unity and that the latent heat of 
vaporisation of water at 140” C. is 515.) 

16. Describe the steam calorimeter and explain how it has been 
used to determine the s{)ecifio heat of gases at constant volume. 

17. Describe any direct method of measuring the specific heat of 
air (1) at constant pressure, (2) at constant volume. 

18. What is meant by dew-point ? Describe an instrument for 
determining its value, explaining how to take a careful observation. 

Given a Imrometer, an instrument for determining tlie dew-pnnt, 
and a table showing the pressure of saturated water vapjar at 
different temperatures, how would you estimate the pressure of the 
diy air, and that of the water vapour, in the atmospliere 1 

19. 100 c.o. of oxygen, saturated with water, are collected at a 
pressure of 740*0 mm. and a temperature of 15” (3. Find the volume 
of dry oxygen at (f and 760 mni., Iiaving given that the maximum 
pressure of aqueous vapour at 15” is 12*7 mm. of mercury. 

20. Under what conditions are dew, mist, and hoar-frost formed ? 
On spreading a woollen rug over a part of a gravel path at night, 
dew will bo formed upon the rug far more readily than upon the 
path. Explain this. 

21. On a clear still evening, after a wet summer’s day, mist seems 
to rise from a grass fawn. Explain carefully how the mist forms. 

Would covering the grass with canvas prevent tho formation of 
mist? Give reasons. 
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CONBVmON OF HMT, 

183. Three modes of transference of heat. Heat may 
be transferred from one point to another in three diffe- 
rent conduction, convectioUf radiation. In conduction 
heat imparted to any part of a body sets the molecules of 
that part in more energetic vibration. These transmit the 
vibration to their neighbours, and thus the heat travels 
slowly along. In convection, which is only possible in 
gases and liquids, the parts heated expand, and, becoming 
less dense, rise and carry their heat by their own motion 
to otlier parts. In radiation the hot body imparts its 
vibration to the ether (see Art. 200), in which waves are 
set up which travel outwards in all directions with an 
enormous velocity, and through vacuous spiices even more 
freely than through air or other matter. 

Convection has been treated already in Ch. VII,, 
Radiation will be treated in Ch. XIV. 

184. Thermal Conductivity. The fact that heat may be 
transmitted or conducted through the substance of a body 
is familiar from every-day experience. When the end of a 
poker is placed in the fire the heating effect is not confined 
to the portion actually in the fire. The portion outside 
the fire is also heated in a way which indicates that heat 
must be conducted through the substance of the poker 
from the end in the fire towards the other end. When 
boiling water is poured into a metal vessel the outside of 
the vessel quickly becomes hot, showing that heat htis been 
conducted through the thickness of the vessel. When a 
fire is lighted in a closed mnge the portions of the range 

203 
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not in direct couUct with the fire become heated by the 
heat conducted from the fire through the iron of the 
range. If a flat-iron or block of any substance is placed 
on a hot-stove plate it becomes heated throughout its 
mass by the conduction of heat from its under surface. 

Tlie power wdiich a substance possesses of allowing heat 
to I Hi conducted through it is known as the thermal 
conductivity of the substance. 

185. Substances differ in thermal conductivity. Sub- 
stances differ greatly in tlieir power of conducting heat. 
A rod of Avood if placed with one end in the fire gives little 
indi 'ation of the conduction of hotit outwards from the 
end in the fire. If boiling water is poured into a thick 
wood vessel the heating of the outer surbice is very slight. 
It also takes place very slowly. 

The difference in tlie heat sensations experienced on 
touching different substances is also, as explained inCMi. 1., 
due to difference in the conductivity of the substances. 
For example, in the hot room of a Turkish bath where all 
the objects are at the same leniperature, metallic objects 
feel much hotter than others and juay inflict a luirii. 
Similarly in a cold room metallic objects feel very cold to 
the touch, while wooden objects, carfHjts, clothing, and 
other similar objeAds give no pronounced sensation of 
cold, and yet all the objetds in the room may be shown 
to have the same temperature by bringing them succes- 
sively ill contact with a thermometer. This difference of 
sensation is obviously due to a difference in the con- 
ductivity of the substances touched ; good conducting 
substances such as metals rapidly conduct heiit to or from 
the hand and thus cause a more marked sensation of heat 
or cold. 

The following experiments further illustrate the differ- 
ence in the conductivity of different substances : — 

Exp. 134. Fit the end of a short wooden cylinder into 
a thick brass tube of the same external diameter. Wrap 
a piece of Ihin paper round the cylinder at the junction of 
the wood and brass and hold the paper in the flame of a 
spirit lamp or Bunsen burner. 
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It will bo found that the paper over the wood is badly 
scorched, while that over the brass is not scorched. This 
is duo to the fact that the brass, being a good conductor, 
conducts the heat away from the paper sufficiently rapidly 
to prevent scorching, whereas the wood being a bad con- 
ductor is unable to do this. 

Exp. 135. Repeat Exp. 134, iLsing thick paper. It will be found 
tliat the j)apt'r is scorched wherever tlio flame touched it. The low 
conductivity of the paper prevents the heat from being transmitted 
through its thickness, and the presence of the good conducting 
brass l)cneath has tl>ereforo no cttcct on the result. 

Exp. 136. Take similar strips of silver, copper, and iron and 
place them with one end in hot water in a beaker. The other end 
of the silver strip soon becomes very hot, the copper also gets hot, 
but not to the same degree as the silver, while the iron strip is 
heated to much less extent than either the silver or the copper. 

Exp. 137, Twist an iron and a copper wire together at 
one end. At four or five inches from the joint fasten a 
small le^id pellet on ejich wire with beeswax. Heat the 
joint ill a Bunsen flame. Heat is conducted from the 
joint outwards along each wire and the temperatures of 
the wires at the points where the pellets are attached will 
bo niised to the melting point of the beeswax and the 
pellets will drop off. Notice that the pellet on the copper 
wire is the first to fall, showing (in this case) that the 
conductivity of copper is higher than that of ii’on. 
(See Exp. 143.) 

In general, metals are good conductors of heat. Organic 
substances such as wood, bone, felt, are bad conductors. 
Brick is also a feeble conductor, while stone, marble, slate, 
glass, though bettor conductors than brick and organic 
substances, are of much lower conductivity than metals. 

The fact that some substances have a low conducting 
power has many familiar applications. Handles of wood 
or other Imdly conducting material are usually provided 
to tools, hot water vessels, and other appliances wnere the 
hand has to be protected from heat which might otherwise 
reach it by conduction. In the case of tea-pots, coffee- 
pots, kettles, etc., the handle is sometimes of metal, but 
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in that case the handle is separated from the body of 
the vessel by discs of china or other badly conducting 
substance. 

Exp. 138 . A kettle that has been long in use has a thick coating 
of carbon on the bottom. To show that this coatitig is a bad 
comluctor, boil water in the kettle, and then support the kettle on 
the palm of the hand. The kettle and water feel only moderately 
hot. 

The efficacy of clothes and bed clothing is due to their 
low conductivity, ^he heat developed in the body is pre- 
vented from escaping by the covering of badly conducting 
material and thus the feeling of warmth is maintained. 

A good example of tliis reten- 
tion of heat by a hot body sur- 
rounded by a bad conductor of 
heat is found in what is called a 
Norwegian cooking box, which con- 
sists of a wooden box with a thick 
lining of felt so arranged as to 
leave a central cylimlrical space 
into which the vessel containing 
the food fits. The food is partly 
cooked over the fire in this vessel 
and while still hot is placed in the 
box. The lid, also felt-lined, is then lightly closed over it. 
The heat is so well maintained that the cooking is com- 
pleted in the box, and after an interval of some hours the 
temperature will have fallen only a few degrees. 

Bad conductors are as effective in keeping a body cool 
as in keeping it warm. Thus a covering of felt or flannel 
which will keep a vessel of hot water warm will also keep 
a piece of ice from melting. In the one case heat is 
prevented from passing out from the water and in the 
other from passing into the ice. 

A vacuum is a perfect non-conductor of heat. Double- 
walled vacuum vessels of glass are now made of the forms 
shown in Fig. 133. They consist of a flask or tube inside 
another, the two being sealed together at the top and the 
space between them exhausted of air as completely as 
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possible through a fine tube at the bottom of the outer 
vessel, which is then sealed off. Asa rule the surfaces of 
the vessels next the vacuum are silvered to prevent loss or 
gain of heat by radiation (see Arts. 213, 215). These 
vessels were first designed for the storage of liquefied 
gases, which would boil away at once if placed in ordinary 
vessels. Liquid air may be Icept for days in a good vessel. 
They are now also largely used in the form of “ Thermos ” 
flasks for keeping hot drinks hot and cold drinks cold for 
a long time. 

Exp. 139, Place some hot water in a metal vessel and note its 
rate of cooling when placed on a large metal plate without any 
protection from loss of heat by conduction. Then repeat the ohser- 
vations when the vessel is protected by a covering of felt or by 
being supported on cork or suspended inside another vessel. Com- 
pare and explain the result. 

186. The principle of the Davy Lamp. When we apply 
the flame of a lighted match to gas issuing from a jet the 
temperature of the gas is raised above its temperature of 
ignition and combustion commences and continues so long 
as a supply of oxypn is obtainable and the temperature 
remains above the ignition temperature of the gas. 

If, however, a piece of good conducting material be placed 
in a flame it may conduct away the heat so i-apidly that 
the temperature falls below the temperature of ignition and 
combustion ceases. This effect is illustrated by the follow- 
ing experiments, 

Exp. 140. Take a piece of thick copper wire and coil it into a 
spiral of about half a centimetre internal diameter. Light a candle, 
and when the flame is burning strongly lower the coil of copper wire 
on to the wick of the candle. The name at once goes out. 

Exp. 141. Take a piece of clean copper gauze, not too 
fine in mesh, and lower it on to the flame of a Bunsen 
burner or spirit lamp. It will be found that the flame 
does not get through the gauze. As the gauze is lowered 
the flame is kept below it and may be extinguished com- 
pletely by lowering the gauze on to the burner or wick. 
The gauze conducts the heat away from the portion of the 
flame in contact with it sufiicieutly rapidly to lower the 
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tom[)erature below that at which combustion takes place, 
and the region of combustion is therefore unable to extend 
above the gauze. 

If the gauze is held over the flame until it is heated to 
the temperature of ignition it 

A ceases to bo effective for the pur- 

pose of this experiment. 


B the gauze (Fig. 134). It will now 
be found th;it the flame appears 
only above the gauze and i.s pre- 
vented by the conductivity of the 
Fig. 134. gauze from extending Ixdow it. 

The principle illustrated by 
these experiments has been utilised in the construction of 
the Davy lamp, the Clanny pattern of which is shown 
in Fig. 185. The flame of the lamp is enclosed in a 
cylinder of wire gauze so that when the 


lamp is plactMl in an explosive atmos])here 
the ga,.ses which penetrate to the flame are 
ignited and burn inside the gauze with a 
jK'culiar flickering, but the flame produced is 
unable to extend outwards through the gauze 
unless the gauze l)ecome8 hot. The explosion 
which would l)e produced by a naked light 
is thus averted. As soon as the miner 
notices the presence of the ghostly fire-damp 
flame ho leaves the working at once and 
gives notice to his foreman, whereupon the 
mine is thoroughly ventilated. 

It has been found, however, that the Davy 
lamp is not, in all cases, an efficient protec- 
tion against explosions in mines. 



187. The stationary and variable states daring thermal 
conduction. Imagine a bar placed with one end in the 
fire, and let us consider what takes place as the heat is 
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transmitted outwards from the fire, along its length. The 
portion in the fire rapidly increases in temperature and 
filially takes the temperature of the fire; meanwhile, as the 
temjierature of this portion rises the transverse layer 
adjacent to it receives heat by conduction, absorbs part of 
this heat to increase its own temperature, loses a small 
portion by radiation from its surface and passes on the 
rest to the adjacent layer, where the process is repeated. 
When this has gone on for some time a state will ulti* 
niately Ikj reached when each layer attains a stationary 
temperature and ceases to absorb any of the heat passed 
on to it by the adjacent layer nearer the fire. 

This state has been called the stationary or permanent 
state, and the passage of heat taloug the bar, when this 
sbite is attained, depends, for given conditions, on the 
conductivity of the material of the bar. The stage pre- 
vious to the attainment of this stationary or prmanent 
state is known as the variable state, for, while it lasts, 
each layer absorbs some portion of the heat it receives, and 
is consequently rising in temperature. 

During the stationary state each layer passes on to the 
next less heat than it receives by the amount which it loses 
at its outer surface. Hence, if there is any considerable 
loss of heat from the outer surface, the quantity of heat 
that passes from layer to layer rapidly decreases, and, at a 
comparatively short distance from the source of heat, the 
flow of heat along the bar becomes negligibly small. It 
is evident therefore that in comparing the conductivities of 
different substances by comparing the flow of heat along 
similar bars of these substances not only must the bars be 
similar in sliape and dimensions, but the nature of the 
outer surface must also be exactly the same for each bar. 

188. Gradient of temperature. In all cases of conduction 
the rate of transmission of heat, that is, the quantity of 
heat transmitted per second, in any direction, is found to 
depend upon the fall of temperature per unit distance in 
that direction. This fall of temperature per unit distance 
for any direction is called the gradient of temperature for 
that direction. The gradient of temperature for any 
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direction may vary from point to point along that direction, 
and it is measured at any point by tlie average gradient over 
a very short distance taken at the point. For example, in 
the case of a bar heated at one end the gradient of tem- 
perature along the length of the bar decreases from point 
to point as tlie distance from the hot end increases. Also, 
if in a certain portion of the bar there is a fall of 3° C. in 
2 mm., the gradient of temperature at the middle of this 
length of 2 mm. is 16° C. per cm. 

189. Influence of speciflc heat during conduction. The 

rate at which heiit is conducted through any substance, 
during the variable state of the process, depends not only 
on the conductivity of the substance, but also on its specitic 
heat and density. The product of these is the heat needed 
to raise unit volume 1° C. If this product is low the tem- 
peratures of the successive layers rise quickly to the 
stationary points, even when the conductivity is compara- 
tively low, for only a small portion of the heat that travels 
along is required to he<it the substance. Simil irly, if the 
specific heat is high the temperatures of the successive 
layers may rise slowly to the stationary values, even when 
the conductivity of the substance is fairly high. 

This question is illustrated by the following experiment: 

Exp. 143. Place two bars of iron and bismuth, of the same 
size and shape, and having an exactly similar surface, end 
to end, as shown in Fig. 130. To the under surfaces 

attach with wax small 
wooden balls, at equal 
distances along the 
length of the bars, and 
heat the bars at their 
contiguous ends. As 
Fig. 136. the heat is transmitted 

along their lengths, 

the wax melts and the balls drop off in succession. 

Now the first ball will drop off directly the temperature 
of the point at which it is attache<i Ixjcomcs equal to the 
melting point of wax, and, provided the distance of this 
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point from the source of heat be not too great, the time 
required for this to take place depends not mainly on 
the conductivity but on the specific heat of the material 
of the bar; because, the lower the specific heat of this 
material, the greater will be the lise of temperature pro- 
duced in a given volume of it by the heat supplied in a 
given time. For this reason the balls begin to drop off 
first from the bismuth bar, for the specific heat of bismuth 
is much less than that of iron, but the greater number of 
balls will ultimately drop off from the iron bar, for the con- 
ductivity of iron is much greater than that of bismuth, and, 
the greater the flow of heat along the bar, the further will 
the rise of temperature necessary to melt the wax be trans- 
mitted. 

190. Definition of thermal conductivity. Imagine a large 
plate or wall of any substance, with parallel faces which 
are maintained at constant temperatures differing by a 
definite known amount, and consider the conduction of 
heat during the stationary state through the thickness of 
this wall from one face to the other. Near the edge of the 
plate some heat flows laterally outwards and escapes from 
the edge before passing through the plate, but if we take a 
small portion of the plate near the centre and at a distance 
from the edge, it may be assumed that all the heat which 
enters over any small area on the hot face of the plate 
])asses straight through, without lateral loss, and emerges 
from the corresponding equal area on the cold face. 

Under these conditions the quantity of heat which crosses 
any area of the plate depends upon four things, viz. — 

1 . The substance of the plate. 

2. The area across which the flow of heat takes place. 

8. The gradient of temperature in the plate, that is, the 
difference of temperature per unit thickness of the plate. 

4. The time for which the flow of heat is taken. 

It is found that, for a given substance, the flow of heat 
through the plate is directly proportional to — 

1. The area across which the flow takes place. 

2. The gradient of temperature in the plate, 

3. The time of flow, 
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The quantity of heat, therefore, which flows in unit 
time through unit area of a plate in which there is a 
gradient of temperature of one degree per unit thickness 
depends only on the substance of the plate and may 
be taken as a measure of the thermal coiuluctivity of the 
substance. 

Definition. The thermal conductivity of a suhstance is 
measured hy the quantity (f heat which flows in unit time 
across unit area of a plate of unit thickness having one degree 
difference between the temperatures of its faces. 

Thermal conductivity <]ehncd this way is sometimes 
called the absolute thermal conductivity of the 8ul)stauce. 

191. Formula involving the definition of absolute ther- 
mal conductivity. For the purpo.se of calculation it is 
convenient to put tlie sbitements given above in alge- 
braical form. 

Jiet A denote the area, 0 the difference l)et wtHm the tem- 
peratures of the faces, x tlie thickness of tlie plate, and t 
tlie time of flow ; then, as Ojx is the gradient of temperatui’e 
for the direction of flow, we have 

H is directly protKjrtional to A . --- . t, 

X 

where H denotes the quantity of heat which passes through 
the area A of the plate in time t. Tliat is, 

R = k.AJ.t, 

X 

where A; is a constant w hich measures tlie absolute thermal 
conductivity of the substance. 

This equation may also be written H A; . A , G . t, 
where G is the temperature gradient. 

0 

It is evident that if A = 1, and or G = 1, and ^ = 1, 

X 

then H = A; as stated in the definition given above. 

In applying this relation any consistent set of units may 
be adopted. The system in most general use is the C.G.S. 
system, where A is in sq, cm., x in cm., t in seconds, 
d in degrees 0., and H in calories. 
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Example. It is found that the temperature of the rocks below the 
Earth’s surface increases at the rate of (approximately) one degree 
C. for each 30 metres of descent. Taking the thermal conductivity 
of the rocks as '005 on the C.O.S. system, calculate how much ice 
would be melted by the heat arriving in the course of a year at a 
square metre of the Earth’s surface from its interior. 

Here, the area across which the flow of heat has to be considered 
is 1 square metre or 10000 sq. cm., the gradient of temperature 
towards the Earth’s surface is 1/30 degree C. per metre or 1/3000 
degree C. per cm., and the time for which the flow is required is 
1 year or 1 X 305 x 24 X 60 X 00 seconds. 

Hence we have 

Calories of heat arriving per sq. metre of surface per year 
- '005 X 10000 X 55*55 X 305 x 24 x 60 x 00. 

It requires 80 gm. degrees to melt 1 gm. of ice, therefore the 
quantity of ice this quantity of heat Will melt is 


50 X 305 X 24 x 00 X 60 

3(KK) X 80 ^ ’ 


or a layer of ice 0'7 cm. in thickness. 


192. Diffusivity or thermometric conductivity. It is sometimes 
neee8.sary to consider the efl'ect of a flow of heat in producing change 
of tcui|>erature in the portion of the material from or to which the 
Ilow takes place. In such cases it is convenient to expresa the quan- 
tityofhetU trammitted in terms of the specif cheat of unit volume of the 
substance in which the flow takes place. If the specific heat of unit 
mass of a given substance is s and its density is d, the specific heat 
of unit volume is sd. If k denotes the absolute thermal conductivity 
of this substance, then the flow of heat, in unit time, across a unit 
cube of this substance, having unit difference of temperature between 
its opposite faces, is expressed in the usual thermal units by k, but, 
if the specific heat oj unit volume of the sulistance be taken as the unit 


of heat, this flow of heat is expressed by 


This method of considering the flow (»f heat is analogous to that 
adopted in studying the diffusion of liquids and gases, and the 

quantity — is a measure of what Ixjrd Kelvin termed the diflfa- 
8 d 


sivity of the substance, and may be considered as the coefficient of 
diffusion of heat. The difl’usivity of any substance may evidently be 
measured bv the rise of temiierature, produced in a layer of that 
substance of unit thickness, by the heat transmitted in unit time 
through a similar layer of unit thickness, having unit difference of 
temperature between its foot s. For this rea.son diffusivity has been 
called thermometric conductivity, as opposed to absolute conduc* 
tivity, which for a similar reason has been termed cafonmetnc 
ecnductivily. 
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From what has been said al)Ove it will be understood that, during 
the variable state, when the specific heat of the substance has an 
influence on the result, the transmission of heat is related to diffu- 
sivity, whereas, when the permanent state is attained, only conduc- 
tivity is involved. For this reason, comparative determinations 
of the conductivity of substances of diflerent specific heat should 
be made from data furnished by observations taken during the 
statioimry state. 


193. Flow of heat across a section of a body perpen- 
dicular to the direction of flow. Let us consider the flow 
of lieat through unit area of the plate mentioned in 
Art.. 190. Let A B CD (Fig. 137) represent a portion of the 
plate having its ends A B, C D, each of unit area, on the 


a 

c 





b d ‘ 


Fig. 137. 


two faces of the plate and its sides A C, B D, perpendicular 
to the faces of the plate and therefore parallel to the direc- 
tion of flow of heat. Mark out abed, a thin layer having 
its faces ah, cd, perpendicular to AC, BD. Then when 
the permanent stage is reached the flow of heat through 
this layer is constant wherever it lies in the thickness of 
the plate ; because as its temperature is constant as much 
heat must be passing out through cd as flows in through 
a 6 if we assume that there is no lateral loss of heat. 

Let H = the flow of heat in unit time through the 
layer abed, 

d =:the difference of temperature between the 
faces ab, cd, and 

;r = tlie distance between the faces ab^ cd. 
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By the second equation* of Art. 191, 

H = it?. 

X 

But H is constant, and so also is Jc in the majority of 
bodies, therefore -- must bo constant. This means that 

X 

the temperature gradient is uniform. Hence in the case 
of a steady flow of heat with uniform temperature gra- 
dient the flow across any section in unit time is given by 


S = (1) 

where 6 now denotes the difference of temperature 
between any two sections, taken perpendicular to the 
direction of flow and separated by a distance x, i.e. if 
T, t, are the temperatures of the two faces ABC I) of 
the plate, 


A flow of heat of this nature is, however, rarely met 
with, for it involves that there is no lateral loss of heat, i.e. 
loss of heat through ac,hd. In cases of conduction such 
as the flow of heat along a bar heated at one end there is 
considerable lateral loss of heat by radiation and convec- 
tion of hot air from the surface of the bar. Thus the 
heat passing through any cross section of the bar is less 
and less the further that section is taken from the heated 
end of the rod. Therefore the temperature gradient is 
not uniform and the result obtained above in (2) is not 
applicable. 

* The application of this formula involves the assumption, first 
made by Fourier, that, within very narrow limits, the flow of heat 
is proportional to the difference of temperature. Starting with this 
assumption, and the more general one that H is some function of x, 

it can be shown that, under the conditions here considered, H oc — ; 

X 

80 that the result, though assumed here and in Art. 191, is not essen- 
tially an assumption. The general assumption referred to above has 
been proved, by indirect experiment, to be correct, 

H. T. P. 


20 
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Let X Y (Fig. 138) represent the bar considered of unit 
cross section, and abed a. hiyer of very sinall thickness S 
having a very small difference of temperature r between its 



Fig. 138. 


faces. Then if t and 8 are small enough the temperature 
gradient in this layer may be considered uniform, and the 
result of (1) above being then applicjible we have 

H = ife-L (3) 

If now the face cd he made to approach a h until 8, and 
therefore also t, l>ecome very very small, the lateral loss 
over ac,hd diminishes, and ultimately t he How of ho^at 
across the layer becomes the flow across the section a 6, 
and (3) becomes 

H = X-0, (4) 

where Q is the value of the Lunperature gradient at a b, i.e. 

the limit of the ratio when both t and 8 simultaneously 
8 

vanish. Thus we get the result 
Flow of heat across any section 

= conductivity X value of the temperature gradient 
at that section. 

The above problems lend themselves to graphiail treat- 
ment. In the first case the curve between temperature 
and distance may be represented by the sloping straight 
line of Fig. 139, obtained by drawing ordinates at A and C 
equal to T and t, and joining the tops of these ordinates. 
The temperatures at any intermediate points such as a and 
c may be obtained by drawing ordinates a P, c Q, at a and c 

to meet this line. In this case it is evident that — for any 

X 
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little slab, abed, is equal to i,e. to -r 7 ^^, i-e. the 

ac AC 

teiiq)erature gradient is the same at all points along A C, 
and e(iual to the tangent of the angle the sloping line 
makes with A C. 



In the second case, suppose that the temperatures at X 
and Y are T at t as before. The temperature curve is now 
not a straight line, but is a curve. The exact form of this 
curve can only l)e obtained by experiment, but is usually 
somewhat of the shape shown in Fig. 140. Draw ordinates 



a P, c Q, to cut this* curve, and join P Q. Let a be the 
inclination of PQ to XY. The fraction y is equal to 
aV - cQ 


i.e. to tan a, and when t and 8 simultaneously vanish the 

fraction ^ becomes equal to the tangent) of the angle the 
0 


CONDOCTION OIT HEAT. 


taugeiit of tlio curve at P makes with X Y, i.e. the tem- 
perature gradient at any point of the bar is a measure of 
the tangent of slope of the temperature curve at that point. 

194. Simple determination of the temperature gradient 
curve. Certain chemicals change colour when their tem- 
perature is raised to a certain point. Paper which has 
been impregnated with these chemicals proves very useful 
in the qualitative study of conduction of heat. This “ sen- 
sitive paper ” turns bright green on being heated and fades 
again on cooling. The paper may be obtiiined* in different 
degrees of sensitiveness, the most sensitive being that which 
changes colour as low down as 21° C. 

Exp. 144. Obtain the temperature gradient curve for a 
wire heated at one end. Apparatus required : a clean 
copper wire (No. 10, S.W.G.) about one foot long, a piece 



of deal about 10 in. X 5 in. X ^ in., and a piece of sensitive 
pa{)er about 1 0 in. x 5 in. Place the wire W (Pig. 1 41 ) down 
the middle of the wood witli about two inches projecting 
at one end. Rest the sensitive paper P on tlie wire, and 
fasten it down by drawing-pins to ensure good contact 
between the paper and the wire. Rest the board on a 
tripod and heat the end of the wire in a steady Bunsen 
flame. A screen S may be used to protect the sensitive 

• From W. B. Nicolson, instrument maker, Glasgow. For fuller 
details of experiments that may b© made with this sensitive paper 
•ee Ifeat Shmows, by W. Jamieson ( Black io and Son). 
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paper from direct action of the flame. Observe the green 
colouration spreading down the paper immediately over 
the wire. The width of the coloured portion gradually 
increases as the wire gets hotter. Finally a steady state 
is reached, when the coloured patch increases no more in 
size. Its shape is a double temperature gradient curve. 

196. Experimental determination of absolute conduc- 
tivity. Theoretically it would appear that the simplest 
method of determining absolute conductivity of a substance 
would be to determine the quantity of heat transmitted 
through a plate of the substance of given area and thick- 
ness, and having a known difference of temperature between 
its faces, and then to apply the formula of Ai*t. 191. 

This was Peclet’s method (see Ex. XIII., No. 7), but it 
does not give accurate results for two reasons : — 

(1) It is difficult, if not impossible, to maintain the two 
faces at constant known temperatures. 

(2) It is impossible to avoid lateral loss of heat by radia- 
tion and convection from the edges of the plate. 



On this account the most usual method of investigating 
conductivity is to take a bar of the substance the conduc- 
tivity of which is to be determined, and, keeping one end 
at a high constant temperature, to note the temperature as- 
sumed at different points in its length when the permanent 
state is attained. Forbes was the first who conducted an 
investigation of this nature in such a way as to obtain 
results entirely dependent on experimental observation. 

In these experiments the bar AB (Fig. 142) had one 
extremity, A, fixed in a vessel of molten lead, and was 
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of such length that the temperature of the other extremity, 
B, was unaffected by the source of heat at A. The screen 
SS served to protect the bar from radiation from the 
molten lead. To determine the temperatures at different 
})oints in the length of the bar, small holes were drilled 
into it at equal distances apart, and, after partly filling 
them up with mercury, the bulbs of small thermometers 
were inserted ; the reading of each thermometer then gave 
the temjKjrature of the bar, at the centre of the hole in 
which it was inserted.* Great precautions were taken to 
keep the end A at a constant tempomture, and when the 
[)ermanent state was attained, as shown by the stationary 
readings of the thermometers placed along the bar, these 
readings were carefully observed and recorded. 

From the temperature data thus obtained a temperature* 
di.stiuice curve was plotted, and from this curve it was 
possible to determine the temperature of any point on the 
bar, and by drawing tangents to the curve to determine, as 
explained above, the temperature gradient at any point. 
Thus one factor, G, of the formula H = A: G was deter- 
mined. 

If, now, H can be determined, we can calculate k. Let 
us consider what becomes of the heat which flows past the 
section ah oi the bar A B (Fig. 142). The permanent stage 
having been attained there is no absorption of heat at any 
point, and it must consequently follow that all the heat 
passing through a b must l)e lost by radiation and convection 
of hot air from the surface of the bar beyond a b, that is, 
from the surface of the portion aB. If, then, we are able 
to determine the amount of this radiation and convection 
from each element of the bar beyond the sum total of 
this loss of heat will represent the flow across a b. 

To make this determination Forl)es heated a short bar 
(similar in all respects, except length, to A B) to a tempera- 
ture equal to the highest observed temperature, on A B, and 
then carefully observed the rate of cooling. In Art. 96 
we have shown how loss of heat can be estimated from rate 

* A better method of taking the temperatures is to apply a 
calibrated thermo-electrio junction to each part of the rod in 
turn. 
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of cooling if the specific heat is known, and Forbes de- 
duced in this way the heat lost by radiation and convection 
per second from a unit length of the bar for any given 
excess temperature (i.e temperature difference between 
this unit length of rod and the surrounding air). By 
adding up the amounts of heat lost in this way for each 
unit length of rod beyond the section a & we get the total 
quantity of heat which has crossed the section a b, i.e. H. 

In tlie equation H = A; Q- we have now got G and H, and 
hence k can be calculated. It should be noticed that a 
large number of determinations can be made from the 
data of the experiment, for we may consider the flow 
of heat across any number of sections. Further, since 
each section is at a definite temperature, the value of 
k ol)tained for any section gives the conductivity of the 
substance of the bar at that temperature, and conse- 
quently this method of observation enables us to deter- 
mine whether k varies with the temperature or is constant. 
Forbes found that in the case of iron the conductivity 
decreases with increase of temperature, that is, hot iron 
does not conduct so well as cold iron. 

If the conductivity of heat of the material of which the bar is 
(XjiiqMsod is the s^ime at all temperatures, it may be shown by 
higher mathematics that if the distances of a series of points from 
tlie constant high temperature end increase in arithmetical progres- 
sion, the excess of temperature of the bar at these points deci'eases 
in geometrical progression. 


Exp. 145. To find the thermal conductivity of india- 
rubber. Take a flask fitted up as in Fig. 127 and connect 
a long piece of ordinary indiarubber tubing to the efflux 
tul)e. Fit up a rather large calorimeter, as described in 
the experiments on calorimetry, put in it a known mass of 
cold water, a thermometer, and a stirrer. When the water 
is boiling vigorously immerse a length of the tubing into 
the water in the calorimeter, keeping the tubing well away 
from the sides of the calorimeter. Stir gently. The 
temperature of the water gradually rises. 

Starting from a temperature five or six degrees below 
that of the room, take readings of tho temperature every 
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minute until the temperature is about five or six degrees 
above the temperature of the room. From your readings 
calculate the rate of rise of temperature when the tempera- 
ture of the water was equal to that of the air. (This 
obviates correcting for radiation.) Gently remove the 
tubing from the wat^r, measure the length, I, of the 
wetted portion with a millimetre scale, the external 
diameter, d, of the tubing with a pair of callipers, and 
the thickness, of the wall of the tubing with a screw 
gauge. 

The mean diameter of the tubing is {d — x), and 
therefore the mean area of the indiarubber interposed 
between the steam and the water is tt (d — *) !. If 
6^ C. is the rate of rise of temperature of the water per 
second at the temperature of the room, C. the tempera- 
ture of the room at this time, i.e. the mean temperature of 
the water during the selected interval, and M the mass 
of water plus the water equivalents of the calorimeter 
and stirrer, we have by Art. 191 


M6 = k.r{d — x)l. 


(lOO-g) 

X * 


from which Jc can be found. The value of Jc is about 
0 0004 for ordinary rubber tubing. This is so small 
compared with the value of k for water (“0013) that 
difficulty (1) of Art. 195 does not hold, and from the 
circumstances of the experiment (2) of Art. 195 scarcely 
exists either. 


Exp. 146. Meaauro the thermo-conductivity of glass. Fit up the 
apparatus shown in Fig. 143. A B is the tube of glass whose con- 
ductivity is required. A certain length of it, Cl), is fixed in a 
jacket tube J, through which steam can be passed. M is a Mariottc’s 
bottle. When the clip L is opened air bubbles through the tube 1* Q, 
and the effect of this is that whatever may be the (|uantity of water 
in M, the water leaves it at a constant rate. The difference between 
the readings of the thermometer T in M and the thermometer U in 
the beaker K gives the increase of temperature of the water due to 
its passage through the steam jacket. To find the rate of flow of 
the water K is placed under B for a certain interval of time, and 
the mass of water that collects is weighed, The beaker K should 
be screened from the steam tulie. 
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It now remains to get the dimensions of the tube. The length CD 
is measured by a millimetre scale. The external radius is measured 
by a pair of callii^ors or a screw gauge (several readings at different 
places should be taken). To get the internal radius a measured 



Fig. 143. 


S ’ th of the tube is filled with water, and this water run into a 
er and weighed. The mass divided by the length gives the area 
of cross section of the tube, from which the radius of the boro is easily 
calculated. 

Ijct I - length of C D, the jacket portion of the tube. 

= internal radius. 

Tj = external radius. 

(,** C. = temperature of water in M. 

<./C. = „ K. 

T°C. = ,, the steam. 

M = mass of water th,at collects in K per second. 
k = thermal conductivity of glass. 

Then to a first approximation the moan temperature of the water 
in C D is , denote this by C C. Also, since the flow of heat is 

radial, we may, if the wall of the tube is thin, take the area of glass 
exj^osed to the heat as the mean between the internal and external 
(^reas, i.c. as J 2 (r^ + r,) 1. Call this A. The thickness of the 
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wall of the tube is (rj - rj). Applying the equation of Art. 191, 
we get 

M(T -<) = *. ~ 

rjj - Ti 

If the wall of the tube is thick so that the ratio ^ is very far 
from unity the more correct formula 

^ ^ 2 tH(T - 0 

log.^i 

should be used. 

196. Determination of relative thermal conductivity. 

Forbes’ method described in the preceding article may Ik), 
and has been, employed for determining the relative conduc- 
tivities of diiferent mebils. The method of reducing the 
observations is beyond the scope of this work. In all 
such methods, however, two things must be carefully 
attended to. 

(1) The observations must be made during the permanent 
state. [Cp. Art. 189 and Exp. 143.] 

(2) The surface of the bars must be of the same extent 
and nature. 

This last condition is of equal importance with the first, 
for the fall of tem{)orature along a bar evidently depends on 
the rate of loss of heat from its surface ; and this depends 
on the nature and extent of that surface. Wiedemann and 
Franz, in their experiments on relative conductivity, by 
the method of the preceding 
article, employed thin rods of 
the same size and shape, and 
electro-plated their surfaces to 
ensure exact similarity in their 
Fig. 144. nature. 

Kough detf3rmiuation8 of 
the relative conductivity of different substances may be 
made by means of an apparatus due to Ingenhousz,' and 
usually known as IngenhoQSz’s apparatus. This consists 
of a box (Fig. 144) into which rods of the same thickness, 
but of different metals, are fixed, as shown in the figure. 
The ends of the rods pass into the box, and are raised to 
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a high constant temperature by filling the box with hot 
water or oil. The portions outside the box are coated 
with wax, so that, as heat is transmitted along their 
length, the wax gradually melts. The rods should be of 
such a length that their far ends are at the temperature 
of the surrounding air. 

During an experiment the bath should be kept at a 
constant higli temperature by means of a burner, and the 
rods should be protected from direct heating by means of a 
screen which is, in some forms of the apparatus, attached 
to the box. 

The front plate of the box should be of thick copper and 
the rods should be made to fit exactly, without corks, into 
lioles bored in this plate. 

Instead of coating the rods 
with wax it is much more 
satisfactory to place the wax 
in a narrow longitudinal 
groove running the whole 
length of each rod. The 
greater part of the surface 
can then be polished or plated 
so as to secure exact simi- 
larity of surface. 

When the permanent state 
is attiiined the relative lengths 
along which the melting takes 
phice depend on the conductivities of the metals employed. 

To deduce the relative values of the thermal conduc- 
tivities from the relative lengths of the rods along which 
the wax has melted, let us consider Fig. 145, which repre- 
sents two rods AB and CD, along which the wax has 
melted distances A G and C H respectively. Let us assume, 
for the sake of simplicity, that A G is twice C H. If T is 
the tempeiature of the hot bath and t that of the melting 
point of wax, the temperature curves will be as shown, the 
equal ordinates at X and Y representing the temperature 
of the air surrounding the rods. 

Take a cross section at any point E on AB and find 
the section F on C D which has the same temperature. 
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Then it is evident that A E = 2 C F and E G = 2 F H, and 
in general that the length of any portion of the rod A B is 
always twice the length of the portion of the rod CD 
having its ends at the same two temperatures. Since the 
heat passing along a rod across any section is lost by 
radiation and convection from the portion of the rod 
beyond that section, it follows that the amount of heat 
which crosses the section E of A B in a given time is twice 
the amount of heat which crosses the section F of C D in 
the same time. 

Again, since A G == 2 C H tlie temperature gradient at 
any section of A B is always half that at the section of 
C I) of the same tempemture, i.e. the temperature gradient 
at E is half that at F. 

Now apply the formula of Art. 191 to the sections at 
E and F. I^et letters with suffii 1 refer to A B and letters 
with suffix 2 refer to C D. Then 

II, = fc, A, G, t. 

H-4 = fcj Aj Gj t. 

Now A, = A^, and t is the same for the two rods, 

Hj G2 

but Hj - 2 and G, = J Gj, 



i.e. the conductivity of the substance of the rod A B is four 
times that of the substance of the rod C D. 

The above proof may be made quite general. If the 
length of the melted wax on A B is w times that of the 
melted wax on C D we have, as above, 

H, = n H.. and G, — i G^, 
n 

k 

and therefore ^ — n*, 

i.e. the conductivities are as the squares of the lengths 
along which the wax has melted. 
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Exp. 147 . Compare the thermal conductivities of different metals 
by Ingenhousz’s method, using sensitive paper as the temperature 
indicator. Work as in Exp. 144 , using now two or more polished 
wires W,, Wj, W., (Fig. 146), of different metals, but of the same 
dimensions, resting under the same sheet of sensitive paper and with 
their ends close togetlier in the same part of the Bunsen flame. 
Heat till the steady state is reached and the coloured patches have 
ceased to increase in size. Remove the Bunsen and then measure 



the distances from the common ends of the wires to the ends of the 
coloured patches. If these lengths are A,, for the wires 

W,, Wo, W3, and if A:,, h, are the thermal conductivities of the 
metals composing these wires, we have : k.^lki :i : 1/ : 1^'^. 

Example. In such an experiment the distance between tlie end in 
tlio Bunsen flame and the other end of the coloured patch was lO’O cm. 
for copper, 5 •Gem. for brass, and 4’Ocm. for steel. Compare the 
thermal conductivities of copper, brass, and steel. 

We have 

ooiiduotivity of copper ; conductivity of brass : conductivity of steel 
; ; 10 0« : 6-6'* ; 4 0S i.c. as 100 : 36 : 16. 

197. It may be remarked here that if the metals are 
arranged in the order of their conductivities for heat and 
also in the order of their conductivities for electricity, the 
two lists will be found to contain the metals in much the 
same order, thus showing a close connection between ther- 
mal and electrical conductivities. 

198. Conductivity of liquids. The determination of the 
conductivity of fluids is very difiicult for three reasons : 

1. Convection currents have to be avoided. 

2. From their nature, fluids have to be enclosed in vessels, 
and the conduction by the walls of the vessel interferes with 
the result. 

3. Their conductivity is very low. 
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The conductivity of all liquids, except mercury and 
other liquid metals, is very low. For this reason it is 
difficult to exhibit conductivity in a liquid experimentally, 
and the difficulty is increased by the influence of convection 
currents and by the conduction of heat through the walls 
of the containing vessel. If, however, a liquid is heated 
from above convection currents are not produced, and the 
conduction through the walls of the containing vessel may 
be made negligibly small by using thin vessels of badly 
conducting material. The following experiments illustrate 
the low conductivity of liquids. 



Exp. 148. Load a piece of ice by twisting a piece of 
copper wire round it, and sink it in a long tube nearly full 
of water (Fig. 147). Fix the tube in an inclined position 
on a retort stand, and heat it near the top by a spirit 
lamp. It will be found that the water at the top will boil 
before much of the ice is melted. 


Exp. 149. Fit a tall jar, A, made of wood or gla.«(8, with a steam-box, 
S, and a thermometer, T, as shown in Fig. 148. Fill the jar with 
water or other liquid so that the top layer of the liquid is in contact 
with the lower part of the steam-box. When steam »8 passed through 
the box the top layers become heated, and heat should travel down- 
wards through the liquid towards the bulb of tbe thermometer T. 
It will be found that even for comparatively small depths the rise of 
temperature indicated by the thermometer is very small. If the 
expriment be performed with mercury in the jar, a very consider- 
able rise of temperature will be observed. 
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‘llie essential parts of the apparatus he used are shown in 
Fig. 149. A B 0 D is a wooden cylinder, containing water, 
and having tliermometers fitted into its 
sides. A current of hot water at con- 
stant temperature was passed through 
the metal pan, P P, which rests on the 
surface of the water in A B C D. 

After an interval of more than 24 
hours it was found that the permanent 
state had been attained. The rest of 
the experiment was then carried out as 
described in Art. 195.- 

Fig. 149. 



Exp. 160. Fill an envelope with water, and 
hold it in a gas flame. The water may be heated to boiling. The 
heat is conducted through the paper and carried away by convection 
in the water sufficiently rapidly to prevent the paper being scorched. 


199. Conductivity of gases. The conductivity of gases 
is extremely low. Still, the fact that they do conduct is 
shown by the following experiment. 

Exp. 151. Arrange to throw the shadow of a red-hot poker on a 
screen. Notice how the heating of the air above and below the 
poker is indicated on the screen. (Explain the indications.) Note 
that the heating extends but a very little way downward.s, showing 
that air is a biut conductor of heat. In this experiment convection 
njosks the true conductive effect, for as soon as a portion of air 
below the poker gets hot it becomes less dense and rises. 

In a mass of gas uniformity of temperature is established 
more quickly by convection than in a mass of good con- 
ducting material by conduction. 

The very low conductivity of cotton-wool, eiderdown, 
felt, and other fabrics of open texture is due very largely 
to the air enclosed in the fabric. 

In the determination of the thermal conductivity of 
gases the difficulties referred to above for liquids are met 
with to such a degree, that the direct determination of tlie 
thermal conductivity of a gas is impossible. 

Some indirect^determinations have, however, been made 
from observations of the rate of cooling of a body in a gas, 
under such conditions as to eliminate the effect of convec- 
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tion. We are already familiar with the fact that the cool- 
ing of a body depends on the conductivity of the substance 
surrounding it, hence we can understand that the rates 
of cooling of a hot body, in vacuo, and when surrounded 
with gas, will be different, and that, if convection have no 
influence on the result, this difference will depend on the 
conductivity of the gas. 


Exp. 162 . Fit a piece of platinum wire about 20 cm. long into a 
wide gbiss tube as sliown in Fig. ISO. Exhaust the tube and pass a 
current through the wire until of sufficient strength to make the wire 

glow brightly. Now ad- 
mit air into the tube and 
pass the same current. 
The glow is less, showing 
that the heat is being 
condiicte<l away from 
the w’ire by the air. Ex- 




Fig. 150. 


haiist the tube again and fill with hydrogen. Agiiin pass the same 
current. The wire now refuses to glow at all, thus showing that 
hydrogen is a much better conductor of heat than air. (As a matter 
of fact the conductivity of hydrogen is seven times that of air.) 


TABLE OF CONDUCTIVITIES.* 


Substances. 

Hel.ati vo 
Conductivity. 

Absolute 

Conductivity 

k 

C.a.S. units. 

Silver . 


1(X)0 

1-527 

CopiKjr 


73*6 

l-(KX) 

(iold . . 


53-2 

•723 

Brass , 


23-6 

•321 

Zinc . 


190 

•2.58 

Tin . 


14 5 

•197 

Iron . 


11-9 

•lG-4 

Steel . 


11-6 

•168 

Lead , 


8*5 

•115 

Platinum . 


8*4 

•114 

Bismuth 


1'8 

•02-4 

Water (15° C.) 



0-0014 

Ice 



0005 

Oak . 



0-0000 

Air . 



0 000057 

Iiidiarubber 



0-0004 
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EXERCISES XIIL 

1. A piece of thin paper is wrapped round a rod which is com- 
posed partly of metal and partly of wood. On holding the rod in a 
spirit name the paper is charred where it covets the wood, but not 
where it covers the metal. Explain the cause of this. 

2. Explain the use of the wire gauze surrounding the flame in the 
lamp used in coal-mines. 

3. The bulb of a delicate thermometer is immersed at a slight 
depth below the surface of water. The upper surface of the water 
is heated, and the thermometer is hardly affected. On heating the 
water from below, the thermometer shows an immediate rise of 
temperature. Explain these two results. 

4. Find the quantity of heat that will be transmitted, in 1 hour, 
across a plate of copper 1 sq. metre in area and 5 cm. thick, the 
difference between the temperatures of its faces being 10^ C. The 
absolute conductivity of copper is 0*72. 

5. It is found that 9.150,000 gramme-degrees of heat are trans- 
niitte<i, per minute, across a sheet of silver, 100 sq. cm. in area and 
I mm. thick, with a difference between tlie temperatures of its 
faces of 100" C. Find, in C.G.S. units, the conductivity of silver. 

6. Peclet has stated that the quantity of heat which passes, in an 
hour, through a plate of lead 1 sq, metre in area and 1 cm. thick, 
with a difference of I'^C. between the temperature of its surfaces, is 
1383 kilogramme-degrees. What value docs this give for the 
abseflute conductivity of lead in the C.G.S. .system ? 

7. The absolute conductivity of silver in C.G.S. units is 1*5 ; how 
many heat-units will pass, per minute, across a plate of silver, 

1 metro long, 1 metre broatl, and 5 cm. thick, when its opposite 
faces are kept at temperatures differing by 100'’ C. ? 

8. The thermal conductivity of felt in C.G.S. units is 0 000087 ; 
find the quantity of heat that is transmitted, in one hour, through 
a layer of felt 1 cm. in thickness and 20 sq. cm. in area, when its 
opposite faces are kept at temperatures differing by 20° C. 

9. A square metre of a substance, 1 cm. thick, has one side kept 
at 100'’ C. , and the other, by means of ice, at 0° C. In the course of 
10 minutes one kilogramme of ioe is melt^ by this operation. Cal- 
culate the conductivity of the substance, assuming the latent heat 
of water to bo 80. 

10. Express the conductivity of copper in units involving the 
pound, foot, second, and degree Fahrenheit. 

H. T. P. 
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CHAPTER XIV. 


BADIATION, 

200. Nature of radiation. As we have already mentioned 
in Art. 183, radiation is different from conduction and 
convection. Heat is said to pass by radiation when it is 
transmitted from one body to another, through a vsicimm, 
or through an intervening material medium without affect- 
ing the temperature of the medium. The heat of the sun 
reaches us by radiation, as does also the warmth we 
experience when we stand before a fire. A thermometer 
suspended in a vessel from which the air has been exhausted 
receives heat from external objects ; which shows that the 
presence of air is not necessary to the passage of heat by 
radiation. Again, a piece of black cloth, if exposed to the 
rays of the sun on a frosty day, becomes much warmer 
than the surrounding air. This shows that heat is able to 
pass through a medium like air without warming it nearly 
so much as it does some object which is in the medium or 
beyond it. 

Other gases besides air have been found to readily allow 
the passage of heat by radiation. The drier a gas is the 
more readily does heat traverse it by radiation. It was 
mentioned that heat travels through a vacuum, and experi* 
ments have shown that it does so better than through the 
driest air. 

Many solids and liquids allow radiant heat to pass 
through without being themselves warmed to any great 
extent: e.g. rock salt and bisulphide of carbon. Other 
bodies, such as wood, slate, metal, etc., do not permit its 
passage; they absorb the energy, and therefore become 
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Various experiments Lave proved that radiant heat is 
transmitted in the same way as light. In the first place, 
most bodies which are transparent to light are more or less 
transparent to “radiant heat.” Again, the speed with 
which heat is radiated from hot bodies is the same as that 
with which light travels from luminous bodies. In a total 
eclipse of the sun, for example, both heat and light are cut 
off simultaneously. Also, heat is refiected from polished 
surfaces, and the laws of its reflection are the same as in 
the case of light. It is also refrangible, and can thus be 
brought to a focus by a lens. The use of a simple lens as 
a burning-glass shows that the heat which has passed 
through the lens is concentrated at about the same spot as 
the rays of light. 

Since heat is radiated from one body to another through 
a vacuum, and as the radiation of heat bears so many 
analogies to the passage of light, it is believed that both 
are transmitted by means of the undulations of the ether. 
As we use the term rays of light, so we may speak of rays 
of heat in a similar sense. 


The molecules of a white-hot body are in a state of rapid vibra- 
tion, the frequencies of vibration l)eiiig very different for molecules 
of different substances and for the same molecules at different 
t-ornperatures. Those moving molecules disturb the ether around 
them and send waves of disturbance through it. The velocity 
with which these waves travel through the ether is the same. 
All waves, whatever their frequency, warm bodies when they aro 
absorbed. The most familiar hot bodies, including the sun, send 
out most of tlicir energy in vibrations of frequency too small to 
excite vision. If the body is black like lampblack it absorbs all the 
incident radiation, and hence the energy of all the waves is spent in 
heating the hotly. The several properties of the waves which 
tlcpend more or loss upon the frequency are, however, more fully 
described in te.xt-books of Light.* 

A better term for radiant head is radiant energy, but the word 
radiant itself is not a very good word, for it implies the existence 
of radii or rays along which energy is transmitted, xvhereas we now 
believe energy is transmitted in spherical or circular waves, just as 
the waves of disturbance in a pond of water in which a stone is 
thrown travel out in ever-enlarging circles. 


See Stewart and Satterly’s Light, Art. 112. 
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We shall, however, use the term radiant heat for waves of low 
frequency tiiat do not excite vision. Another name is infra-red 
rays, as these rays are refracted by a prism to a less extent than the 
red rays. 

Wiien a l)ody is first heated it sends out waves of low frequency 
(or long wave-length). As the heating is continued waves of higher 
frequency are added to tlieso, and the waves added just when the 
temperature rises as far tis 500® C. are just quick enough to excite 
in our eyes the sensation of red light. As the heating is continued 
still further waves wJiich excite the sensations of orange, yellow, 
green, blue, and violet light are successively added to the other 
waves, so that the colour of the body gradually changes, the waves 
exciting the violet sensiition being added at about 1400'' C. The 
b(xly now appears white-hot. Further heating does not alter the 
colour so much, but enables the body to send out waves of very high 
fmpiency which have intense chemical and electrical effects. These 
very high frequency waves are called actinic or ultra-violet waves. 
They are refracted by a prism more than the violet waves. All 
these waves carry energy, and have an equal claim to the title of 
lladiant Heat, But this name is sometimes given specially to the 
infra-red rays because these carry such a largo proportion of the 
heat emitted by such sources as a coal fire ; and the whole emitted 
by hot water, etc. 

201. The behaviour of bodies towards radiant heat. 

When radiation is incident on the surface of any medium, 
it is, in general, split up into four parts, viz. : — 

1. A portion which suffers regular reflection at the 
surface of the medium in accordance with the ordinary 
laws of reflection. 

2. A portion which suffers reflection at minute irregular 
portions of the surface. This is called diffusion. 

3. A portion which is refracted int/O the medium in 
accordance with the laws of refraction. 

A part of this is 

(a) transmitted by the medium ; and the other portion is 

(h) absorbed by the medium. 

If the total quantity of incident radiation be represented 
by unity, and the quantities reflected, diffused, transmitted, 
and absorbed be respectively r, d, t, and a, then we have 

The quantities in the left-hand expression are essentially 
positive ; and it is therefore evident, from the relation given, 
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that if one of these quantities be large— nearly equal to 
unity — then the others must be small. For example, if 
r = 0 9, then d, t, and a must be each less than 01. That 
is, if the reflecting power of the surface of a medium be 
very great, then its powers of diffusion, transmission, and 
absorption are small. Further, it is evident that any one, 
or the sum of any two or three, of these quantities may be 
equal to unity, and thus the remaining quantities or quantity 
must vanish. That is, the incident radiation may, for 
example, be entirely absorbed by a medium, or completely 
reflected and diffused at its surface. 

Hence, if the reflection, diffusion, transmission, and 
absorption of mdiation be taken as established by experi- 
ment, we may, without further experiment, state that, 
if any medium exhibit any one or more of these properties 
in a marked degree, it must exhibit the others in a 
proportionately smaller degree. 

It is now the function of experiment to analyse each of 
the above phenomena ; in so doing it is necessary, in each 
case, to determine — 

1. The general laws of the phenomenon. 

2. The properties of different media in relation to the 
phenomenon. 

3. The influence of the surface of the medium. 

4. The influence of the nature of the source of heat from 
which radiation takes place. 

We shall now briefly indicate the methods and results of 
experimental investigations carried out in this way. 

202. Instruments used in experiments on radiation. 

Previous to the time of Melloni, the great difficulty 
in the experimental study of radiation lay in the fact 
that there was no instrument sufficiently sensitiA^e to 
radiation to be of any use in accurate experiments. 

Leslie obtained fairly satisfactory qualitative results 
with his differential thermoscope, descril)ed in Art. 79. 
This instrument was largely used in the early days of the 
study of radiation. 

The modem form of this instrument as adapted for the 
study of radiant heat is shown in Fig. 151. It comprises 
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two bulbs connected by a bent capillary tube and con- 
taining ether and ether vapour. The lower bulb is coated 
with lampblack.* When radiant heat falls on the lower 
bulb its temperature rises and the vapour pres- 

G N sure of the ether is increased ; as a consequence 
/ the ether rises in the tube leading to the upper 
bulb. The greater the quantity of radiant heat 
falling on the lower bulb the greater the rise of 
temperature, and consequently the higher the 
ether rises, and this height can be read off on a 
scale placed behind the capillary tul)e. Owing 
to external changes of tempei*ature the quanti- 
I tative results obtained with this instrument are 
not very reliable. 

Modern experimenters have used the thermo- 
pile, which was first invented by Noblli, and 
afterwards improved by Melloni and others. 
This instrument consists f of a number of short 
square rods of bismuth and antimony, arranged 
Fig. 151. alternately side by side, so as to fonn a bundle 
having a square cross section. At the opposite 
ends of this bundle are the alternate junctions of the bis- 
muth and antimony rods, so that if one end is heated a 
thermo-electric current is produced. 

To employ this instrument as a thermometer it is con- 
nected up with a reflecting galvanomete^r, as shown in 
Fig. 152, and one end of the bundle of bismuth and 
antimony elements is then exposed to the radiation. The 
absorption of heat by this end produces a current which 
deflects the galvanometer needle. Since the thermal effects 
involved are very small, this deflection may l>e taken as 
proportional to the heat absorbed by the exposed end of 
the pile. If this end is covered with a substance which 
absorbs an equal proportion of all kinds of radiation, then 
the galvanometer indication is proportional to the in- 
tensity of the incident radiation. We shall see later that 

• Lampblack is the best radiator and ab8orl)er of radiatit heat. 
See Arts. 218, 215. 

t See Stewart: Higher Text-Booh of Electricity and Magnetism, 

Art. 218 . 
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lampblack absorbs every kind of radiation to the same 
degree. This substance is therefore employed to cover 
the ends of the thermopile. 



As a sotiiTc of riulianl iicat we may use a cubical tin 
can containing boiling water. To increase the radiating 
power as much as possible one face ^ the can should te 
Lted with lampblack (Art. 213). This cube is usually 
termed a Leslie s cube, 

203 Propagation and transmission of radiation. The 
velocities of radiant lieat and light through vaeuo are the 
same while the velocity of radiation of any particular 
wave-length through any body is inversely proportional to 
the refractive index of the body for that particular 

' An experiment to show that radiant beat and light 
travel at the same speed can lie performed at f ne ® 
of a total eclipse of the sun. Direct a thermopile to the 
position of the sun and wait until it emerges from behind 
the moon. Observe the galvanometer at the moment the 
sun shows itself. The needle is immediately deflected, 
showing that the heat and light take the same time to 
travel from the moon to the earth. 

* See Stewart and Satterly : Light, Arts. 132, 133. 



328 


RADIATION. 


Exp. 163. To show that radiant heat travels in straight 
lines. Take two screens of wood A B and CD (Fig. 163) 
and bore a small hole (say, *5 cm. in diameter) through 
each. Arrange them parallel to e<ach other, and opposite 
the hole in AB phice the source of heat H (a I^slie’s 
cube) with the blackened face turned towards A B. 

The thermopile T and its attachments are then placed 
on the far side of C I), the face of T being towards C D. 

T is now moved about. In 
general, no deflection of the 
galvanometer will be ob- 
seiwed. If, however, T is 
placed in the same straight 
line as the holes in the 
screens the galvanometer 
needle will be largely de- 
flected. 

A body which transmits 
nearly all the radiant heat 
which is incident on it is said to be diathermanous.* A 
body which absorbs nearly all the incident radiant heat is 
said to be adiathermanous.f It follows from a considera- 
tion of the energy of the radiation that the passage of 
radiant heat through a body does not raise its temperature 
if the body is perfectly diathermanous, but does raise it if 
the body is adiathermanous. 

204. The law of inverse squares. The law which governs 
the decrease of intensity of radiation with distance is the 
same as that for light, the two cases being identical. J The 
intensity at different distances from the source of radia- 
tion is inversely proportional to the square of the distance. 
This may be proved experimentally by means of the 
arrangement shown in Fig. 154. A thermopile fitted with 
a reflecting cone is placed in front of a blackened large tin 
vessel (76 cm. x 75 cm. x 10 cm. is a convenient size) con- 
taining boiling water. If the thermopile is kept facing 

• Greek, diay through ; thermos, heat, 
t Greek, a, negative ; dia, through ; thermos, heat, 
i See Stewart and Satterly : LigM, Art. 14. 
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the vessel and moved about along a line perpendicular 
to the vessel, it is found that as long as the cone produced 
by the prolongation of the cone of the thennopile wholly 
cuts the front of the vessel the indication of the galva- 
nometer remains unaltered. 



Fig. 154. 


Consider two positions, A and B, of the thermopile dis- 
tant X and y respectively from the vessel. It follows by 
geometry that the areas of the circles from which radiation 
is received in the two cases are as ** to y*. Since the gal- 
vanometer deflection remains unaltered, the influx of radia- 
tion into the thermopile is the same in the two cases, and 
the intensity of the radiation at the position A from a 

small area of the vessel y- 

• * the intensity of the radiation at the position B from “ 
the same area of the vessel 

i.e. the intensity of radiation at a point due to a small 
radiating area is inversely proportional to the square of 
the distance of the point from the area. 

Further, if the surface of the vessel be inclined at any 
angle to the axis of the thermopile, the indication of the 
galvanometer will not change. This proves that the inten- 
sity of the radiation from any surface in any direction is 
proportional to the cosine of the angle which this direction 
makes with the nomal. For, if the normal to the surface 
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is inclined to tlie axis of tlie tliennopile at an angle 6, then 
the area from which the pile receives radiation is increased 
in the ratio cos ^ : 1, and therefore, since the deflection of 
the galvanometer is unaltered, it follows that the inten- 
sity of this radiation decreases in the ratio 1 : cos 6. 

By application of these two laws — the law of inverse 
squares and the cosine law — it can be shown, geometrically, 
that if two bodies, A and B, of equal radiating power are 
placed near each other, the amount of radiation reaching 
A from B is equal to that which reaches B from A. Hence, 
when dealing with the radiation between any two bodies, 
the radiation received by any one of them may be taken as 
proportional to that emitted by the other. 

205. Eeflection of radiant heat. The laws of reflection 
for radiant heat are the same as those for light. That is, 
the angle of incidence is equal to the angle of reflection, 
and both angles lie in the same plane. This fact is readily 
illustrated by experiment; in fact, any arrangement in- 
tended to exhibit the laws qf reflection of light gives exactly 
similar results with radiant heat. 

Exp. 154, Prove that when radiant heat is reflected at 
a polished surface the 
0 angle of incidence is 

equal to the angle of 
reflection. As a reflec- 
tor use a flat polished 
tin-plate P arranged as 
in Fig. 155. Placn the 
source of heat H, a screen 
M K, and the plate P in 
position, and move the 
thermopile T about. In 
some positions the gal- 
vanometer needle will l>e 
ileflected showing that T 
is receiving hejit. The screen M K stops direct transmis- 
sion from H to T. Hence the only conclusion is that heat 
is reflected at P. 
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To show that the angle of incidence is equal to the angle 
of reflection take the two screens mentioned above, and 
place A B in such a position that the incident ray H P is 
inclined about 45° to the plate P. Move C D and T about 
till the galvanometer deflection is a maximum. Join up 
II P and T P, draw the normal P N and show that the 
Jingles H P N and T P N are equal. 

The following is another common experiment : — 

Exp. 165. Set up two largo concave mirrors, M, M' (Fig. 156). 
facing each other, and about .3 feet apart, with their axes in the same 
straiglit line. At the principal focus, F, of one mirror, say, M', 
support the bulb of a small air thermometer. At the principal 



focus F of the mirror M place an iron ball heated to a red heat. 
3'he thermometer shows a rapid rise of temperature as long as the 
bulb is kept at F, but if moved into any other position the tem- 
perature immediately falls, thus showing that the radiation from the 
ii on at F is first reflected from M on to M' and then converged to F. 
The result is not aflected by placing a small screen between F and 
F to prevent the thermometer being influenced by direct radiation 
from the iron. 

Vary the experiment by placing a piece of pbo.sphorus at F'. If 
the iron ball is sufficiently hot, the phosphorus quickly takes fire. 

206. Reflecting Power. The reflecting power of a surface 
is measured by the ratio of the amount of regularly reflected 
radiation to that of the incident radiation. For example, 
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if the radiation inci<lent on a surfiice be denoted by E, and 
the quantity I'eflccted by Er, where r is less than unity, 
then the reflecting power is measured by the ratio 


This subject was first investigated by Leslie, who em- 
ployed the apparatus shown in Fig. 167. H represents a 
Leslie’s cul)e, M is a concave spherical mirror, so placed 
relative to H that the focus of the reflected radiation is at 
F. The surface whose reflecting power is to be tested is 
placed at S S' in such a position that it intercepts the 



radiation converging tD F, and reflects it to F', where one 
of the bulbs of the dill’erential thermoscoj)e, T, is plactal. 
With this arrangement the relative reflecting power of 
different surfaces may l)e determined by noting the indi- 
cations of T as the surfaces are successively placed at S S'. 
This was the method Leslie adopted ; and from his obser- 
vations he drew up a table exhibiting the relative reflecting 
powers of a number of different surfaces for the specific 
radiation used. 


LESLIE'S TABLE OF EEFLECTINO POWERS OF SURFACES FOR 
RADIATION FROM A BODY AT 100" C. 


Brass. 

Silver 

Tin.... 


{Brass is taken cm 100.) 


100 

90 

80 


Steel 

Glass 

Lamphiaek 


70 

10 

0 
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Leslie’s method was not very accurate, and moreover 
does not determine reflecting power as defined above. Had 
he first placed his thermometer at F, and compared its 
indication in that position, before the interposition of a 
plate at S S', with its severnl indications at F', then the 
ratio in each case would have given an approximate deter- 
mination of what may be called the absolute reflecting 
power of each surface. 

More recent workers have used apparatus similar to that 
shown in Fig. 155, in which the angle of incidence may be 
varied. The plate being removed, the thermopile T was first 
placed along H P produced, and the incident radiation from 
H measured. The plate was then placed in position and 
the thermopile rotated to catch the reflected ray, the total 
length of path from H to T being kept the same as before. 

The following is a brief summary of the results of 
experiment : — 

1. The general laws of reflection of radiant heat are the 
same as those of light, 

2. The reflecting power of any surface increases with the 
degree of polish of that surface. 

3. For diathermanous substances the reflecting power 
increases with the angle of incidence, but for metallic 
surfaces it remains nearly constant up to about 70°. 
Above this limit the reflecting power gr^ually decreases. 
These results are also true for light. 

4. The reflecting power of a surface varies with the 
nature of the source of radiant heat. 

Polished metals are the best reflectors. Roasting screens, 
firemen’s lielraets, and the reflectors of gas-stoves are 
familiar applications of the principles governing the reflec- 
tion of heat. 

207. Diffusion of radiant heat. When radiation is in- 
cident on a rough or unpolished surface, it is, as it were, 
broken up by the inequalities of the surface, and under- 
goes irregular reflection or diffusion. 

The diffusive power of a surface is determined by the 
ratio of total quantity of diffused radiation to the quantity 
of incident radiation. 
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Melloui exhibited the existence of diffusion bj means of 
the apparatus of Fig. 155. The roughened surface to be 
experimented on was placed at P, and the thermopile 
adjusted in the position T. In this and similar positions 
the thermopile indicated at once the absorption of radiation 
by the face turned towards P. This radiation could not 
l)e reflected from the surface at P, for that surface was not 
polished, and the effect was observed for all positions of P 
in front of the plane of the surface. The effect could 
therefore be due only to diffusion, or to radiation from the 
surface heated by direct radiation from H. 

Melloni showed that the effect could not be wholly due 
to this latter cause. For (a) the indication of the ther- 
mopile was instantaneous, and reached its maximum at 
once ; whereas, if the radiation from H was first absorbed 
by the surface and then radiated to T, time would be 
required for the effect to become appreciable, and the 
maximum would be attained slowly; (b) the nidiation 
incident on T is of the same nature as that coming from H, 
and different from that which would be radiated by the 
surface. 

The diffusive power of any surface may be determined by 
the same method as that adopted for the det/ermination of 
reflecting power; but the observations must be quickly 
taken, or they may be complicated by the effects of radia- 
tion from the surface. 

The following is a summary of the results obtained by 
recent workers : — 

1. The heat diffused in any direction from a given sur- 
face varies with the inclination to the surface. 

2. The diffusive power of a surface varies with the nature 
and material of the surface. In general a rough, uneven 
surface, such as that of a fine powder, diffuses best ; but this 
depends upon the absorbing power of the material of the 
surface. For example, a rough lampblack surface would 
absorb more than 90 per cent, of the incident radiation, 
and diffuse less than 10 per cent. 

3. The diffusive power of a given surface varies with the 
source of heat. In general radiation of low refrangibility 
tends to be absorbed, while radiation of higher refrangibility 
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tends to be diffused. For example, a white lead surface 
absorbs about 90 per cent, of the radiation from a source at 
100° C., and diffuses about 10 per cent. ; but it absorbs only 
18 per cent, of solar radiation, and diffuses 82 per cent. 

208. Eefraction of radiant heat. The laws of the re- 
fraction of radiant heat are identical with those of optical 
refraction. This can be shown by the following experiment. 

Exp. 156. To show that radiant heat obeys the laws 
of refraction. Arrange, the usual apparatus for obtaining 
a I'ure spectrum,* using a strip of platinum heated to 
incandescence by a Bunsen flame or an electric current as 
the source of light and heat. Adjust the face of a ther- 
mopile so as to receive the portion of the spectrum lying 
below the red; the galvanometer at once indicates the 
absorption of heat. Now rotate the prism so as to displace 
the spectrum some distance on either side of the pile ; the 
galvanometer deflection quickly falls to zero. 

Again place the pile in the same position as before, 
relative to the visible spectrum ; the deflection will again 
increase to something near its original value. Again, 
with the thermopile in position, allow the platinum to 
cool slowly ; the deflection shows a shght continuous decrease 
as the visible spectrum gradually fades out from the violet 
to the red end ; but soon after this point is reached a much 
more marked decrease is observed, indicating that the radia- 
tion incident on the pile is, in its turn, disappearing. 

Experiment 156 and others of a similar character show 
that both the luminous and uon-luminous radiation from 
an incandescent source of heat are refracted according to 
the same general laws, and also that the refrangibility * of 
the non-luminous portion of the radiation is lower than 
that of the luminous poriion. Eock-salt prisms and lenses 
should be used in the experiments, for glass absorbs a large 
percentage of the non-luminous radiation, while rock-salt 
absorbs less than 10 per cent, of it. (See Table, p. 336.) 


* See Stewart and Satterly : Lights Arts. 102, 108. 
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209, Measurement of Diathermancy. The proportion 
of the incident radiation transmitted by a given thickness 
of a substance is a measure of the power of transmission 
or diathermancy of that thickness of the substance for the 
radiation considered. 

Exp. 167. Determine the diathermancy of different 
substances. Set up a^iparatus as indicated in Fig. 168 

H is the source of heat ; S 
a screen, with a circular aper- 
ture ; a, through which radia- 
tion from H falls on P, the 
plate of the substance to be 
tested. Place the thermopile 
at T and note the galvano- 
meter deflection before and 
after interposing the plate P. The ratio of these deflec- 
tions determines the diathermancy of the substance for 
the thickness considered. Eepeat with plates of other sub- 
stances of the same thickness. 

Melloni measured the diathermancy of many solids and 
liquids. Some of his results with solids are expressed in 
the following table. The figures are the percentages of 
radiation transmitted by plates 2’ 5 cm. thick for the four 
sources of radiation mentioned at the head of the table : — 


{Melloni s method). 

0 j 

I 

Fig. 158. 


SubBtanc«. 

OiJ FUnie 
(Argand 
lamp 
without 
chimney). 

Incandescent 
Platinum, 
heated by 
npirit lamp. 

Blat:kened 
Copi>er, 
heated tc 
390® C. 

Blackened 
Copper, 
heatetl to 
100" C. 

Rock-salt (clear) ... 

92 

92 

92 

92 

Iceland spar 

39 

28 

6 

0 

Mirror glass 

38 

25 

6 

0 

Quartz (clear) 

37 

28 

6 

0 

Amber (artificial)... 

21 

6 

0 

0 

Ik)rax 

18 

i 12 

8 

0 

Alum (crystals) ... 

9 

1 2 

0 

0 

Ice 

6 

0 

0 

0 
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In tliis table it will be noticed that with all bodies except 
rock-salt the diathermancy increased with the temperature 
of the source of radiation. This is not always true. It 
depends on the nature of the rays emitted. Thus glass 
will transmit a greater proportion of the rays from a piece 
of incandescent platinum heated in the flame of a spirit 
lamp than from the flame itself, although the platinum 
cannot be as hot as the flame. 

Melloni also examined the diathermancy of a body for 
the radiation transmitted by another body, and found that 
a body is very diathernianous to radiation which has already 
passed through a plate of the same substance. Thus (see 
table, p. 33()) alum only transmitted 9 per cent, of the 
radiation from a naked flame, but he found that when 
tlie radiation had already passed through an alum plate 
in. thick 90 per cent, of it was transmitted. 

In the case of liquids narrow cells of very thin glass were 
employed, and indications were taken first with the radia- 
tion passing through the empty cell, and then with the 
radiation passing through the same cell filled with the 
liquid to be tested. 

Some of Melloni’s results are given in the following 
table. He used an Argand burner as his source of radia- 
tion, and it must bo remembered that the rays had to pass 
through glass both before and after traversing the liquid. 
The liquid thickness was about 1 centimetre. 



Peroeiitago 

TmnBmitted. 

Cell alone 

Taken as 100. 

Cell C(»ntaining : — 

Block of mirror glass, 1 cm. thick 

53 

Carbon bisulphide 

63 

Ks.sence of turpentine 

31 

Pure sulphuric acid 

17 

Absolute alcohol 

15 

Alum water 

12 

Distilled water 

11 


H. T. p. 


22 
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A solution of iodine in carbon bisulphide though opaque 
to light was found to be very diathermanous to radiant lieat. 
It is worthy of note that although alum is usually con- 
sidered adiathermanous, yet the addition of alum to water 
mises the diathermancy of the latter. 

The facts given above are sometimes applied to deter- 
mine roughly the nature of radiation. For example, if the 
radiation considered is incapable of transmission by alum, 
then it must consist entirely of dark heat waves. 

Exp. 168 . To compare the diathermancies of water and carbon 
bisulphide. Focus the sunlight upon the bulb of an ordinary 
Lhornjoineter, and place between the bulb and the lens a flat glass 
cell filled with water. Observe the reading of the thermometer, 
and then replace tlie cell by a similar one filled with bisulphide 
of oart)on. Note that the temperature indicated by the ther- 
mometer is higher in the second case, thus showing that the 
bisulphide is more diathermanous than water. If a little iodine 
Ixi now dissolved in the bisulphide, it becomes opaque to light, but 
is still very diathermanous, thus proving that a hotly wliich is non- 
transparent to liglit may be transparent to heat. 

Tyndall studied tlie diatbennancy of gams by enclosing 
them in a long wide tube with rock-salt ends. A thermo- 
pile was placed near one end of the tiil)e, and the source of 
heat at the other end. To render the arrangement more 
sensitive, a compensating source of heat was employed. 
This was a cube filled witli hot water, and placed iu such 
a position relative to the pile as to exactly balance the 
effect of the radiation from the principal source of heat, 
when the interior of the tube was a vacuum. 

When different gases were admitt/cd into the tube, the 
galvanometer needle was dellected from its position of 
equilibrium, and the amount of deflection varied with the 
nature of the gas. It was found that simple gases were 
more diathermanous than compound gases, and that the 
diathermancy of dry air was greatly decreased by the 
presence of various vapours. Water vapour, for example, 
has a very marked effect, and, according to the amount 
present, was found to increase the absorptive power to from 
30 to 70 times that of dry air. Carbon dioxide also exerts 
an absorbing effect. 
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210. Influence of thickness on transmission and ab- 
sorption. The influence of thickness on diathermancy was 
investigated by Jamin and Masson. They deduced from 
their experiments that when radiation of a definite kind is 
transmitted through a substance the amount tvansinitted 
decreases in geometrical progression as the tJiickness 
increases in arithmetical progression — that is, each layer 
of the substance, of a given thickness, transmits the same 
proportion of the radiation which enters it. 

Thus, if q denote tlie quantity of radiation entering the 
substance, then the quantity present after traversing unit 
thickness is q a, where a is a constant which is less than 
unity. Similarly, on transmission through another layer 
of unit thickness, the quantity of radiation is reduced to 
q rt* ; and therefore, after transmission through a thickness 
of n units, the quantity of transmitted radiation is given 
by qo.^. The constant a has been called the coefficient of 
transmission. 

When radiation of a compound nature is transmitted by 
any substance, its various constituents are absorbed to 
different degrees, and thus the nature of the transmitted 
radiation is subject to continuous change. The character 
of this change is, however, such that the nature of the 
transmitted radiation tends to become constant and capable 
of transmission without absorption. For this reason ludia- 
tion whicli has passed througli a plate of any substance 
passes readily with little loss through another plate of the 
same substance. (See mention of alum, Art. 209, p. 337.) 

Example. A plate of rock-salt 2*5 mm, thick allows 93 % of the 
incident radiant heat to pass through it. How much will a plate 
four times as thick transmit? Assume that there is no loss by 
reflection at the surfaces. Find also the coefficient of transmission 
of rock-salt. 

Then 93 % gets through one plate, 

93 t of 93 ^ „ „ a plate twice as thick, 

93 ^ of 93 X of 93 X »» n a plate three times as thick, 

93 i of 93 of 93 ^ of 93 X n a plate four times as thick, 

».€. 1 cm. in thickness. 

This is equal to about 75 Xi therefore the ooeflSoient of traus* 
mission is *75. 
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Newton’s law of cooling. Consider a body placed 
in an enclosure at a constant temperature sligldly lower 
tlian that of the body. If tlie difference of temperature is 
sniiill enough, we may assume that the rate at which the 
body loses heat is proportional to this difference. Hence, if 
S denote the area of the surface of a body, 6 the excess of 
its temperature above that of the enclosure, and E a con- 
stant varying with the nature of its surface and the state 
of the surrounding medium, then the heat lost in a small 
interval of time, t, is given V)y 

h = K S 0 1. 


Again, if tlu^ body be a good conductor of heat, so tliat 
its temperaturi‘ is tlie same at all points, this lo.ss of heat 
may be expressed by 

h — ms T, 


where m denotes the mass of the body, s its specific heat, 
and T the small change of temj)erature accompanying the 
loss of heat. Thus we have 

E 8 = r?i « T, 


or 


ni s 


That is, the rate of coolincj Qj is direcfhjproportionaHo the 

excess of the iem})eraiure of the hody over that of the enclosure. 
This is Newton’s law of cooling. 


Exp. 159. Verify Newton’s law of cooling. Place some 
hot water in a copper calorimeter blackened on the outside 
and arrange matters as in Exp. 54. Take readings every 
5° C. as tlie temperature cools from, say, 80" C. to al)out 
35° C. Plot a curve Ix^tween temperature and time,, and 
show from it that the rate of cooling is very nearly propor- 
tional to the difference of temperature iKjfcween the water 
in the calorimeter and tlie surroundings. 

Example. In a ccKjling experiment with a ma-ss of water in a 
blackened copper calorimeter surrounded by air enclosed in a larger 
double- walled copper vessel containing water at a temperature of 
13T C., the times of falling of the temperature of the water in the 
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calorimeter through successive 5 degrees from 80“ C. to 75“ C. , and so 
on down to 55*^ C., were 158, ICO, 183, 205, 233 seconds. Use these 
observations to verify Newton’s law of cooling. 


Draw up a table thus : — 


ixooHfl Tiiiiiitei.'i- 
ture of lle.'it. 

Average Kxoewj 
Teuiueiatn 1 0, 0, 
during given 
rerind. 

Time to KaJl 
6‘'C.(T-5). 

Hate of 
Cooling, 
r 
t ' 

t 


'’C. 

sees. 



60 ‘3 ^ 

g:vs 

158 

•0316 

2020 

01-3 1 

50-3 1 

58 -O 

169 

•0295 

1990 

53-8 

183 

•0273 

1970 

51*3 1 

48-8 

205 

•0244 

2000 

46-3 j 

43-8 

2,33 

•0215 

2040 

41 -3-^ 






The practical constancy of tlie last column sliows Newton’s law 
to be nearly correct. I’lot a curve between the average excess 

temperature, 0, and the rato of co<ding, This curve will be 

practically a straight lino through the origin (Fig. 159). 

Ill the case taken above the temperature of the body is 
higher than that of the enclosure. If the temperatui-o is 
below that of the enclosure a similar formula, 

t ms 

may be deduced where A is a constant of like nature to E. 

Ill the first case the body emits heat, and the constant E 
is called the coefficient of emission. In the second case the 
body absorbs heat, and A is called the coefficient of absorp- 
tion. It will be proved later that for a given temperature 
of the body and a fixed value of d the coefficients E and A 
jiave the same numerical value. 
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212. Emission. The coefficient of emission has been 
defined al)ove. MacFarlane determined this coefficient by 
application of the relation — 

-I = 'll!’ 

t ma 



Rat« of Cooling. 
Fig. 159. 


A copper ball was allowed to cool in an enclosure maintained 
at a constant temperature, and the rate of. cooling ^ was 


determined. Then, S, m, s, and 9 being known, E was readily 
calculated. It was found that the value obUined was not 
constant for different values of 9. As 9 increased beyond a 
certain limit, the value of E also increased, thus showing 
that Newton’s law is approximately correct only within 
certain comparatively small limits. For example, in one 
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experiment, as B increased from 5® C. to 60*^ C., E increased 
by about 25 per cent. 

Example. In the experiment quoted above the mass of water plus 
the water equivalent of the calorimeter was 63 gm., and the surface 
area of the calorimeter (which was practically full of water) was 
about 100 sq. cm. Find an approximate value of the coefficient of 
emission. 

E = ^ - -I — J ^ 2020 = 3 X 10~^ calorie per sq. cm. per sec. 

IS 100 i' i t 

per deg. C, excess temperature. 

213. Comparison of ^missive powers. The determination 
of the comparative emissive powers of different surfaces is 
a simpler matter than detenniniiig the coefficient of emis- 
sion for a given substance. Leslie, and afterwards Melloni, 
made comparative determinations for a larger number of 
substAuces, both using practically the same method. 

Leslie employed as source of heat a thin metal cube 
containing boiling water. The sides of this cube were 
covered with substances whose emissive powers were to be 
tested. The radiation from one face of the cube was con- 
centrated by a concave mirror on to one of the bulbs of a 
differential thermoscope. The indication being noted, the 
other faces of the cube were tested in the same way, and 
the relative emissive powers were taken as proportional to 
the corresponding indications of the thermoscope. 

Melloni, adopting the same method, employed the 
thermopile instead of the differential thermoscope. 

Exp. 160. To compare the emissive powers of different 
surfaces. Take a cubical tin canister, cover one vertical 
face with lampblack, another with white lead, a third with 
paper, and polish the fourth. Fill it with water and keep 
it boiling by a protected flame. Bring the face of the 
thermopile or the blackened * bulb of an air tliermoscope 
to the same distance (one inch) from each side in turn, and 
for the same time (three minutes). Note that the index 
moves farthest when the bulb is opposite the lampblack 

* The bulb is blackened in order to increase its absorbing power 
(Art, 216). 
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and least when opposite the polished tin. Other surfaces 
may be compared in the same way. 

The arrangement of apparatus adopted by more recent 
workers is indicated in Fig. 160. 

H is a Leslies cube. S, is a screen covered with lamp- 
black on the side next H, and polished on the other side. 
This prevents heat being reflected from the front surface 
back to H, and thence to T, 
^ Sa and also diminishes radiation 

I I from the other surface to- 

I I wards T. S., is another scre(m 

[h] to shield T from any radia- 

I I tion from S. It was found 

I I that the radiation emitted 

Fig. i(K). from polished metiillic sur- 

faces was too small to be ac- 
curately compared directly with that from a lampblack 
surface. To remedy this defect a diaphragm pierced with 
two holes of dilTerent sizes may be employed, so that by 
Jising the smaller hole with the lampbhick surface, and the 
larger with the mehillic surfiice, comparable indications 
can 1)6 obtained. 

Of course the ratio of the amounts of radiation passing 
through the holes when used separately with the same 
source of radiation must first l)o determined, and then the 
necessary correction for the difference in sizes of the holes 
applied to the results of the first experiment. 

The following are some of the results : — 

EMISSIVE POWERS AT 120“ C. 


Lampblack 

... 100 

Platinum (polished) ... 9'5 

White lead 

... UK) 

Copper foil 4 9 

Paper 

... 98 

Golu leaf .... 4 '3 

Glass 

... m 

Silver (chemically deposited) .5 4 

Indian ink 

... 8.5 

,, (ditto, polislmd) ... 2-2 


Exp. 161. Obtain the cooling curven for water in a tin can, whose 
outside is (i) polished, (ii) jacketed with cotton-wool, (iii) coated 
with lampblack (hold it in the smoky flame of a lamp, or of burning 
camphor) ; (iv) when the blackened can is suspend^Hl l>y cotton loops 
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within a larger one whose inside is bright, (v) as (iv) but when the 
inside of the larger can is blackened. Use the same quantity of 
water in each experiment, begin observations when its temperature 
is about 80" C., and continue to about 40“ C. 

Tabulate each case and plot all to a large scale on one sheet of 
paper. The curves will show roughly the relative emissive powers 
of the surfaces when (1) polished, (2) lagged, i.e. jacketed with a 
non-conductor, (3) blackened, (4) when screened by a reflecting 
surface, (5) when screened by a blackened surface. 

214. Stefan’s law. It lias been shown by e.xperiraent 
that the emissive power varies greatly with the tempera- 
ture. Several more or less complicated formulae have been 
deduced from the results of experiment to express the law 
of cooling in terms of the temperature conditions. 

Dulong and Petit laboriously investigated this subject. 
They found that for a given excess of temperature the rate 
of cooling depended not only on the temperature of the 
body, but also on that of the enclosure. The relation 
established in this connection may be expressed thus. For 
a given excess of temperature the rate of cooling increases in 
geometrical progression as the temperature of the enclosure 
increases in arithvieticaJ progression. 

More recently, Stefan corrected the results of Dulong 
and Petit’s experiimmts, and found that they might be 
expressed by a very different formula. He showed that 
the emissive power of a body cooling under given con- 
ditions is proportional to the fourth power of its absolute 
temperature, and that this law agrees more closely with the 
results of experiment than does that deduced by Dulong 
and Petit. 

When a cooling body is surrounded by a gas, its rate of 
cooling is much more rapid than in vacuo, and is found to 
depend upon the pressure of the gas. In MacFaiTane’s 
experiment, referred to in Art. 212, it was calculated that, 
when the copper ball and enclosure were covered with lamp- 
black, and cooling took place in air at the normal pressure, 
one-half of the cooling effect was due to air convection. 

216. Absorption. The coefficient of absorption has been 
defined above in connection with the coefficient of emission. 
The relation betwetm these two coefficients seems to indicate 
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that the absorbing power of any surface is proportional to 
its emissive power for the same kind of radiation. Experi- 
ment has shown that this is so. 

The absorbing power of any surface is determined by 
the proportion of the incident radiation which it absorbs. 
The absolute determination of absorbing power, as thus 
defined, is somewhat difficult ; but in some cases it may 
be indirectly deduced from the results of other experi- 
ments (Art. 201). 

The comparison of the absorbing powers of different sub- 
stances is more easily effected. The arrangement of ap- 
paratus employed by Mellon! 
for this purpose is indicated 
in Fig. 161. H represents 
the source of heat, S S a per- 
forated screen, T the thermo- 
pile, and C a sheet of very 
thin copper plate coated on 
the front surface with the 
substance to be tested, and 
on the surface next the pile with lampblack. The first 
substance tested was lampblack, which, as in the case of 
emission, was taken as the standard substance. The rela- 
tive absorbing powers of different substances were then 
deduced from the data of the experiments in the following 
way. 

Let Q denote the radiation incident on the first surface 
of G, when covered with the substance to be tested. Then, 
if a denote the absorbing power of this substance, the 
heat absorbed is given by Q a. This absorbed heat raises 
the temperature of the copper until the loss by radiation 
from its surfaces is equal to the gain of heat. Hence, if t 
denote the rise of temperature, E the coefficient of emission 
of the front surface, and E' the coefficient of emission of 
the surface facing the pile, we have 

Qa = S(E-f EV (1) 

where S denotes the area of the surfaces. Similarly, if 
both faces of the plate be covered with lampblack, then 

Qa'-2SEY, (2) 


0 






Fig. 161. 
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where a' denotes the absorbing power of lampblack. Hence 
from (1) and (2) we get 

ct E -f- E* t 

a' 2E' * V* 

But the galvanometer deflections, d and d', are evidently 
proportional to the heat radiated from the adjacent surface 
of the plate ; hence 

d S hU ^ t 
d' S K' V V * 

• ft = ® §L 

'' a' 2 E' * d' * 

The following results were obtained by Melloni : — 

RELATIVE ABSORBING POWERS AT 100° C. 


Lampblack 

100 

Indian ink 

85 

White lead 

100 

Shellac 

72 

Isinglass 

91 

Metals 

13 


It will be seen that these results are identical with those 
given in Art. 213 for relative emissive powers at 100° C. 

The same apparatus served to determine the variation 
of the absorbing power with the nature of the source of 
heat, In general, the absorbing power is greater the lower 
the temperature of the source. Hence, when radiation 
of a complex nature is incident upon any surface, some 
of the constituents are absorbed, the remainder being 
reflected or diffused according to the conditions which 
obtain. This selective absorption gives rise to the pheno- 
menon of thermochrose, which corresponds to colour in the 
case of light. Every surface has the power of absorbing 
radiation of a fixed nature made up of constituents of 
definite refrangibility or wave-length. Hence, when com- 
pound radiation containing all or any of these constituents 
is incident on the surface, these B.re absorbed, and the 
character of the unabsorbed radiation is thereby changed, 
giving rise to thermochrose or colour ^ according to the wave- 
length of the radiation concerned.* 

* See also Stewart and Satterly : Lights Arts. 113 , 118 . 
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It sliould be noticed that absorption differs from the other 
phenomena considered in this chapter in that, after absorp- 
tion, the radiation ceases to exist as radiation, and becomes 
ordinary heat due to molecular motioi. Hence, when a 
body absorbs radiation it rises in temperature, whereas a 
body which transmits mdiation does not rise in temj)erature. 

When an adiatherraanous body absorbs heat, it is probable 
that the absorption takes place at the surface or in a very 
thin superficial layer ; but in a diathermanous body absorp- 
tion takes place during transmission (Art. 209), and, it may 
be, at the surface also. Lampblack is the only one of the 
substances which have been tested which does not exhibit 
selective absorption. It absorbs all kinds of radiation to 
the same degi*ee. 

Exp. 162.* Show that a black surface absorbs rays of radiant 
heat to a greater extent than a polished surface. Fin a sheet of 
heat-senjjitive paper (Art. 194) to a wooden frame F (Fig. 102). Fix 
U) the plain side of the sheet a large 
tinfoil star and in the centre of this star 
paint another star in dead-black. f 
Fix up a piece of wire gauze over a 
Bun.sen burner os shown in Fig. 162 so 
that it serves as a source of radiant 
heat, and hold the screen about 10 cm. 
from the gauze, the star towards the 
gauze. Observe the sensitive side of 
the screen. First there appears a green 
star of the form of the dead- black star 
and then a green background outside 
the large star. Tlio paper behind the 
untreated part of the tinfoil remains 
white. This shows that polished metal 
absorbs little or no heat, but that when 
the polish is destroyed by a black paint heat is absorbed. 

A variant of this experiment i.s to use a piece oi tinfoil fixed in 
a screen. The back of the tinfoil is coated with a mixture of red 
mercuric oxide and gum. Tlie oxide tunis yellow at 150'’C. A 
design is painterl in black on the tinfoil. When a hot iron is held 
about 5 cm. in front of the tinfoil the mercuric oxide behind tlie 
flesign turns yellow, the rest remains unaltered red. 



* The apparatus used in this experiment may be obtained ready 
made from W. B. Nicolson of Glasgow, 
t See footnote, p. 160. 
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218. Theoretical relations between reflection, diffusion, 
absorption, and emission. Let Q denote the quantity of 
radiation incident on the surface of a body. This, in the 
most general case, may be divided into two parts : Q', which 
is arrested at the surface, and q, which is transmitted by 
the substance of the body. That is, Q = Q' -f Now, 
considering Q', we have, as in Art. 210, 

Q' = Q (r + d 4- a). 

The quantity q is diminished by continuous absoi*ption 
during transmission ; and, if a denote the coefficient of trans- 
mission (Art. 210), then gf a” gives the intensity of the 
transmitted radiation after passing through a thickness 
n cm. of the substance. 

We shall now consider some particular cases of this 
general case. In each case the substance is supposed to be 
adiathermanous, so that q is zero, and tlierefore Q' = Q. 

1. Let the surface be polished. If the polish is suffi- 
ciently perfect, d = 0. Hence, we have 

Q = Q (r + a). 

1 = r 4 a, 

or — 

a - \ — r. 

That is, the absorbing power of the surface is complementary 
to its reflecting power. Hence, when a reflecting surface of 
this nature reflects well it absorbs badly—that is, when r is 
large a is small. 

2. Let the surface be rough. The surface being un- 
polished, r = 0. Therefore 

Q = Q (d + a), 

.'. a = 1 — d. 

That is, the absorbing power is complementary to the 
diffusive power. Hence, when a surface diffuses well it 
absorbs badly. 

From these two cases it is evident that, under the con- 
ditions considered, a can be calculated when r or d is 
known. 
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8. Let the surface be imperfectly polished, 
have 


Q = Q (r + + a). 

.a = l — — (r-fd). 


Then we 


That is, the absorbing power is complementary to the sum 
of the reflecting and diffusive powers. By polishing the 
surface, r is increased and d decreased, so that the sum 
(r -f d) may remain constant, increase, or diminish. That 
is, the absorbing power of a surface may remain constant 
for different conditions of polish, or may increase or diminish 
with the degree of polish. 

Since the values of r and d vary with the angle of inci- 
dence of the radiation, it follows that the absorbing power, 
rt, also varies with the angle of incidence in such a way as 
to be always complementary to r, d, or (r -f d). 

If the diathermancy of a plate of rock-salt be tested for 
radiation from a hot piece of the same substanco, it will be 
found to l>e very small ; a thin plate absorbs more than 75 
per cent, of the radiation ; and, if tlie plate be at the same 
temperature as the radiating piece, it will be found tliat 
none of the incident ridiatiou is transmitted by it. Hence 
the radiation absorlx^d by any substance at a given tem- 
[xjrature is of the same nature as that emitted by the 
substance at the same tem})erature.* From this it 
follows that the absorbing power of any substance is 
proportional to its emissive or radiating power at the same 
temperature. 

The colour of a body has also some influence on its ab- 
sorbing power ; e.g. a white coat absorbs less heat in the 
sunshine than a black one. 


Exp. 163 . Take two equal polished tins {e.g, cigarette tins, coffee 
tins, etc.) ; blacken the surface of one by means of a lamp flame. 
Fill both with water, and set them in front of a bright fire. After 
Jialf an hour test the temperature of the water with a thermometer. 
The water in the blackened tin will be the hotter. 


* Compare thin with the production of the Fraunhofer lines 
in the solar spectrum. (See Stewart and Satterly : Light, Art. 

111 .) 
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217. Prevost’s Theory of Exchanges. This theory asserts 
that every body emits radiation in all directions to an extent 
determined only by its temperature and the nature of its 
surface, and that it absorbs radiation from all sources to 
which it is exposed. 

Suppose that in Exp. 165 on reflection a piece of ice 
takes the place of the liot iron ball at F (Fig. 156). It will 
be found that the thermometer at F' indicates a fall of 
temperature. This result is very neatly explained by the 
above theory. The ice at F radiates in all directions at a 
rate dependent on its temperature. A portion of this 
radiation is reflected by the mirror M on to M', and thence 
to the bulb of the thermometer at F'. Similarly, the 
thermometer radiates in all directions at a rate dependent 
on its temperature, and a portion of this radiation is, 
after reflection by M' and M, concentrated on the ice at F. 
Hence, considering the thermometer, it gains heat by 
radiation from the ice, and it loses heat by its own radia- 
tion ; and in this case, since the temperature of the 
thermometer is higher than that of the ice, the loss is 
greater than the gain, and the temperature falls. In 
Exp. 166 with the liot iron the gain is greater than the 
loss, and the temperature of the thermometer rises. 

When bodies are at the same temperature, each loses as 
much by its own radiation .as it gains by radiation from 
surrounding bodies, .and thus the temperature of each 
rem.ains constant. Consider an enclosure maintained at a 
constant temperature, and having a thermometer sus- 
pended in its interior. Whatever may have been the 
initial temperature of the thermometer, it ultimately takes 
and retains the constant temperature of the enclosure. 
When this is the case the heat which the therjnometer 
gains by radiation from the walls of the enclosure equals 
the heat which it loses by its own radiation. Tliat is, the 
radiation absorbed by any body at a given temperature 
is equal and identical with the radiation emitted by 
the same body at the same temperature. This result we 
have already deduced from experiment, and it therefore 
affords an indirect experimental proof of the theory of 
exchanges. 
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Again, if a large number of thermometers, whose surfaces 
are covered with different substances, are suspended in the 
enclosure, they all ultimately take up a common constant 
temperature equal to that of the enclosure. 

Now, considering any one of these thermometers, we 
have evidently a more complex system to deal with than 
in the case just considered. The thermometer receives 
radiation from the Avails of the enclosure, and also from 
eacli of the thermometers. The radiation from the walls 
is of a definite kind, determined by the nature of the sur- 
face. Also the radiation from each of the thermometers 
is of a definite kind, similarly determined; but the nature 
of tlie surface being different in each case the radiation 
emitted is also different. Hence, the theimometer con- 
sidered receives a large number of different kinds of 
radiation, and emits one kind of nidiation determined by 
the nature of its own surface. But since the temperature 
remains constant it follows that heat gained must equal 
the heat lost — that is, the radiation emitted must be 
identical in quantity and quality with that al)Sorbed. 

This statement seems to imply that the radiation of any 
body is determined by the radiation it absorbs, and not 
by any inherent property. This is, of course, not the 
case; the radiation emitted by any body cannot be con- 
trolled by any merely external circumstances. If tlie 
thermometer emits radiation otln r than that which it 
absorbs — that is, other than that which is emitted by the 
bodies from which it receives radiation — then this radiation, 
since it is not emitted by the other bodies, cannot he 
al)sorbed by them, and is therefore returned te the 
thermometer by reflection or diffusion, and is there ab- 
sorbed. Thus, it is evident that in an enclosure of this 
nature the stream of radiant heat is constant in quantity 
and quality, for each surface restores by its own radiation 
a quantity exactly equal and similar to that which it 
absorbs. 

For example, imagine four of the thermometers to have 
respectively suriaces of lampblack, gold-leaf, glass, and 
powdered silver. The lampblack surface absorbs nearly all 
the incident radiation, and emits a corresponding quantity. 
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The gold-leaf surface reflects a large percentage and absorbs 
the remainder ; hence, it emits but a small amount. The 
glass surface reflects and transmits a proportion depending 
on the nature of the radiation, and absorbs the rest, whieli 
corresponds to the radiation which it emits. The powdered 
silver surface diffuses a large amount, and therefore absorbs 
and emits but little. 

From what has been said above it will be seen that for 
any two bodies, A and B, exposed to each other’s radiation 
at tlie same temperature, there is a constant, interchajujeahle 
quantity of radiation, capable of absorption by each. Thus, 
of the radiation emitted l)y A, a portion, q, of fixed quantity 
and ({uality, is absorbed l>y B ; this is again emitted by B, 
forming a portion of the entire radiation emitted by that 
body. 

When this radiation from B falls upon A, the quantity 
q only is absorbed, for every constituent capable of emis- 
sion by B and al)sorption by A is also capable of emission 
by A and absor]>tion by B, and is therefore included in 
the (quantity q. Hence if we denote the radiation emitted 
by A by m q, and that emitted by B by q, we have 

Radiating power of A m 
Radiating power of B “ n ‘ 

Also — 

Al)s<jrhing power of A for radiatioo omitted by B ni 

Absorbing power of B for radiation emitt^ by A ~ qfny ~~ n ' 

That is, the absorbing power of any substance. A, for 
radiation emitted by any other substance, B, at the same 
tempemture, is to the absorbing power of B for radiation 
from A as the radiating power of A is to that of B. 

For example, consider the case of a thermometer sus- 
pended in an enclosure at constant temperature. Suppose 
the radiating power of the walls of the enclosure to be five 
times that of the thermometer, and that the walls absorb 
one- fourth of the radiation from the thermometer ; then, 
in order that the temperature of the thermometer may 
remain constant, it must absorb a quantity of heat equal 
to one-fourth of its own radiation — that is, to one-twentieth 
of the radiation from the walls of the enclosure which, 
H. T. p. 23 
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by hypothesis, is five times that from the thermometer, 
lleuce, the radiating and absorbing powers of the thermo- 
meter and the walls of the enclosure have the common 
ratio 1 : 5. This relation is true for each constituent of 
the radiation to which it applies. 

218. Eadiation of gases. Gases in general radiate 
badly, but in most cases the phenomena of selective ab- 
sorjUion and mdiation are very strongly marked. 

Tiie radiation from a solid, at a given temperature, is 
generally included within a certain range of w'ave-leugth. 
As the temp(!r!iture increases this range is extended in the 
direction of increasing refrangibility, wliile each constituent 
increases in intensity. 

Gases, on the other hand, emit radiation made up of 
one or more constituents of definite wave-length ; as the 
temperature increases other constituents of shorter wave- 
length may Ix) added, and the intensity of each of tlie 
original constituents is increased. 

In the construction of furnaces the hot gases are nnule 
to play on some substances such as fire-bricks, which are 
good radiators. These l^ecome heated by direct contact 
with the hot gases and then radiate the heat freely in all 
directions. Asbestos balls used in gas-fires and fire-clay 
bricks used as backs to ordinary grates further illustrate 
this principle. 

The rare oxides thoria and ceria when hot emit light 
very readily ; hence their use in the Welsbach mantle. 

219. Illastrative experiments and phenomena. We 
shall here consider some natural phenomena and a few 
more simple exj)eriment8 which illustrate the principles 
and laws deduced in this chapter. 

The effect of the nature of the surface of a body may 
be seen by noting the rate of cooling of water in a vessel 
whose surface can be varied. If the vessel has a brightly 
polished metallic surface the water cools very slowly, but 
if covered with lampblack the rate of cooling is very 
much faster (Art. 213). For this reason teapots and 
vessels intended to keep their contents warm should have 



KADIATION. 


356 


brightly polished surfaces. Similarly, if a vessel having 
a brightly polished surface is exposed to radiation it 
absorbs heat very slowly, whereas if the surface is rough 
and blackened the incident radiation is more rapidly 
absorlxid. The exterior of a calorimeter is kept bright so 
that it may neither radiate nor absorb heat. Hot water 
pipes are blackened to increase the radiation from them. 
These experiments show that a good reflecting surface 
radiates bully and also absorbs badly. Lampblack is the 
best radiator and absorber of heat known, but it is the 
worst reflector. 

These results may be exhibited with the apparatus 
shown in Fig. 163. A is a sheet of thin copper with a 
brightly polished surface facing B, another similar sheet, 
having a lampblacked surface turned 
towards A. A and B are connected by 
a copper wire, w. Two iron wires i and 
i' are joined, as shown in the figure, to 
the backs of A and B, and to the gal- 
vanometer Q-. A copper-iron circuit* 
is thus formed, having the junctions at 
A and B. A heated ball of metal is now 
supported midway between A and B, so that the copper 
plates are equally exposed to its radiation. Before long 
the galvanometer shows a gradually increasing deflection, 
indicating that the junction at B is heating more rapidly 
than that at A. 

The following is another experiment due to Tyndall 
illustrating the same point. 

Exp. 164. Write a word with ordinary ink on a piece 
of bright thin platinum foil and then heat the foil to a 
bright white heat. It will be seen that the written charac- 
ters which have a rough surface of iron oxide glow much 
more brightly than the rest of the foil. If the reverse 
side, on which there is no writing, is observed it will 
be seen that the writing is visible on it as a dark pattern 
on a bright ground. The letters, on account of the nature 

* See Art. 202 for the principles of the theriuo-electrio drouit. 
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of their surfiiee radiate more tl.an the foil, and therefore 

the wrr® i"‘»‘«Ji'itelj' underlvini; 

rcst of conduction more nipnlly tha/llit 

thfoti!? ‘''f® “PPea™ in comparison with 

the otliei poi tious of the same surface. 

1 .ffrt P‘®“ earthenware bearing 

n. t ti? «>o design al, sorbs 

most of the aght falling on it. tlie rest of the earthenware 



appears white by diffusion. Now heat the earthenware in 

-f- ^ Tr- 1“'*® ’’"‘hdraw it and 

pto It in the dark. Observe now that the design gives 
off more light than the other portion of the eartheuw^e. 

Bltchie devised a ve^ convenient form of apparatus 
to show the equality of the radiating and absorbing powers 
of a surfaw. It IS shown m Pig. 164, and comprises two 

‘«g«‘''er by a glass 

tube bent twice at right angles and carried on a stand at 
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the back of the two upright glass tubes. This portion 
constitutes a Leslie’s differential therinoscope. 

Between the two reseiwoirs is a third and larger one 
which can be filled with hot water. It is movable along a 
horizontal support. Each small reservoir has one face 
coated with lampblack, the other being left bright. The 
black end of one and the bright face of the other face 
inward. The centre reservoir has similarly one face black 
and the other polished, and it is placed so that its bright 
end faces a black end of one small reservoir and its black 
end the bright end of the other small reservoir. 

When the centre reservoir is filled with hot water its 
briglit face radiates to a black face, and its black face to a 
bright face. It is found by experiment that when the 
centre reservoir is midway between the other two the 
liquid in the stem of the thermoscope does not move, 
indicating that the air in the two reservoirs is at the 
same temperature. 

The various phenomena of diathermancy are capable of 
simple illustration. If radiation is transmitted through a 
plate of ice, the interior of the plate begins to melt, showing 
beautiful hexagonal ice crystals; but the radiation, after 
passing through this plate, may be passed through another 
plate or lens of ice without causing the least melting. This 
shows that the absoi*ption which radiation undergoes during 
transmission through any substance is such as to fit it for 
further transmission without absorption. 

The glass fire-screens occasionally used are applications 
of the fact that the diathermancy of glass varies with the 
nature of the radiation. The radiation from the fire falling 
on the screen is partly absorbed and partly transmitted ; 
the more refrangible luminous portion is transmitted, while 
the less refrangible portion, of greater heating power, is 
absorbed and afterwards radiated by the screen. In this 
way the cheerful firelight is transmitted, but the more 
intense heat rays are absorbed, and afterwards emitted by 
the screen as r^iation of a less intense nature. 

Glass is employed in hot-houses for the following reason. 
Of the solar radiation incident on the glass only the more 
refrangible luminous portion is transmitted. This portion, 
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liowever, forms a large percentage of solar radiation, and 
has considerable heating effect ; hence, when absorbed by 
the objects within the hot-house, it gradually raises their 
temperature. The radiation from these objects, being of 
low refraiigibility, is not tninsmitted by the glass, and 
cannot in this way escape to the exterior This radiation 
is, however, absorbed by the glass ; but, owing to absorption 
of a portion of the solar radiation, the glass is at a higher 
temperature than the objects inside the house, and there- 
fore returns to them by ita own radiation more than it 
receives. In this way the tem|)erature of the interior 
gradually rises, and will continue to do so until it attains 
the temperature of the glass.* 

The water vapour in the atmosphere acts in much the 
same way towards the earth as the glass does towards 
the objects inside a glass house. Dry air is very dia- 
thermanous to radiant heat, but the absorptive power of 
air charged with water vapour is from 30 to 70 times as 
great as that of dry air (see Art. 209), while it is still 
very transparent to rays of light. Thus the earth is 
protected by the absorptive action of the water vapour 
from the more intense heat rays of the sun ; but when 
the warmed earth begins to radiate its heat in rays of 
low refrangibility these rays find a most effectual barrier 
to their escape in the water vapour, which absorbs them 
freely and becomes warmed thereby. 

In this way extremes of temperature are avoided — the 
direct heating effect of the sun during the day and 
the loss of heat by radiation during the niglit are both 
diminished. 

In districts where little water vapour is present in the 
air — for example, in the Desert of Sahara — the days are 
intensely hot and the nights extremely cold Probaldy 
other causes have something to do with these and similar 
results, but the action of water vapour has undoubtedly 
an important bearing on the question. 

* The above explanation has recently been controverted by 
R. W. Wood, who says that the only action of the glass is to 
keep the same air within the house all the time, and the tempera- 
ture of this air will, of course, naturally rise as time goes on. 
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In summer the plains and valleys especially are covei’ed 
by a protecting stratum of vapour which serves to prevent 
the escape of radiant heat, and when night falls they 
remain comparatively warm. But sandy deserts, mountain 
tops, and elevated table-lands, above which there is much 
less vapour, cool down quickly. 


EXERCISES XIV. 

1. A clear piece of rock salt, a bright piece of tin-plate, and a 
piece of black wood are exposed to the radiation of a common fire. 
StAte what happens in each case, and what is the final state of each 
as regards temperature. 

2. Define the coefficient of transmission of a substance for radia- 
tion. If the coefficient of absorption of a substance for a particular 
variety of radiation is '0012, what peicentage of the incident 
radiation will get througli a plate of the substance 3 nim. thick. 

3. If a plate of glass allow'ed 40% of the light incident upon it 
to pass through, how much light would be transmitted by a plate of 
the same glass of four times the thickness, a.ssuming that no light 
is lost by reflection at the 8urface.s in either case? 

4. lAdters are written in ink upon a bright piece of platinum- 
foil which is subserpiently placed in the flame of a Ihinscn burner in 
a dark room. Ijooked at on one aide bright letters ap|>ear on a dark 
ground ; on the other aide, dark letters on a bright ground. 
Explain this. 

5. If the bulb of a blackened thermometer be enclosed in an 
outer case of gla.sa, a vacuum being between the two, it is seen that 
when exposed to the sun’s rays its temperature becomes high. 
Ex{)lain this, and mention any transparent substance which w'ould 
not have the same properly in this respect as glass. 

6. What special properties in relation to radiation are shown by 
lampblack, brightly polislieci silver, glass, quartz, rock-salt, alum, 
solution of iodine in carbon bisulphide? 

7. A current of steam at atmospheric pressure is passed through 
an iron tube 2 metres long, inside radius 2*4 cm., outside radius 
4 cm. The thermal conductivity of iron being 0*15, the coefficient 
of emission for the surface of the tube is O’OOO.S, the latent heat of 
steam 540, and the temperature of the surniunding chamber 0°C. ; 
find the quantity of steam ooudensed per hour by tiie cooling efifect 
of the air. 
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EXAMINATION QUESTIONS ON CONDUCTION AND 
RADIATION. 

1. Define the conductivity of a Bubstance for iieat. How would 
you propose to find whether a liquid can conduct heat or not? 

2. Define the thet'mcd conductivity of a substance. 

If the inside surface of a glass window 5 millimetres thick is at a 
temperature of 15° C., and the out^side surface is at a temperature 
of 0 C., how much heat escapes through a square centimetre of the 
window in a minute ? (Conductivity of glass '001 C.G.S. unit.) 

3. It is found that the temperature of the rocks below the earth’s 
surface increases at the rate of (approximately) one degree C. for 
each 30 metres of descent. Taking the tliermal conductivity of 
the rocks as '005 in the C.G.S. system, calculate how nnich water 
would he raised from the freezing point to the boiling point by the 
heat arriving in the course of a year at a square metro of tlie earth’s 
surface from its interior. 

4. How is the property whereby a solid conducts heat m(‘asur(‘d ? 
Supi)08e 10 cm. of ice to have already formed on a pond, and that 
the air is at - 5° C., how long approximately will it take for tlie 
next mm. to form ? (Conductivity of ice - '(K)52 absolute unit.) 

5. A metal vessel, 1 s^piare metre in carca, and whose sides are 
‘5 cm. thick, is filled with melting ice, and Is kept surrounded by 
water at KX)'’ C. How much ice will be molted in an hour ? The 
conductivity of the metal is *02 C.G.S. unit. 

6. Explain how the conductivity of a good conduct^)r like cnj)jier 
may be measured. 

7. In what resi)ect8 does radiant heat differ from light? 

Why are rock-salt lenses employed for experiments with radiant 
heat coming from a source at a low temiMjrature, while ghuss hmsos 
suffice when the sun or the electric lamp is the source of heat ? 

8. Describe the construction and action of a thermopile and 
explain how it can be used to find the quantities of heat emitted by 
two hot lx>dies. 

9. By what experiments would you show that -the radiation from 
an arc lamp extends beyond the red at the one end, and )>eyond the 
violet at the other end of the spectrum ? In what respects do these 
invisible radiations differ from the visible radiations? 

10. Two air-thermoscoi)es, one with a clear glass bulb, the other 
with a bulbcovere«l with gold-loaf, are placed (a) one after another 
at the principal focuft of a convex lens presented to the sun, (h) at 
equal distances in front of a common fire. 
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In both cases the thermoscopea are found to be unequally heated. 
How do they differ, and why? 

11. State Pre vest’s “ Theory of Exchanges,” and describe experi- 
ments and phenomena which illustrate it. A piece of ice is placed 
in front of a thermopile, and the needle of its galvanometer is seen 
to move. Describe as fully as you can all that is going on. 

12. What do you understand by the term radiant heatl Can 
you suggest a better name for it ? 

Describe experiments to show (1) that radiant heat travels in 
straight lines, (2) that it is reflected, and (3) that it is refracted 
according to laws identical in form with those regulating the reflec- 
tion and refraction of light. 

How might an observation be made at a total eclipse of the sun 
to suggest that radiant heat travels with the speed of light? 

13. A bright tin vessel and an equal blackened tin vessel, con- 
taininj^ equal quantities of water, are placed side by side in front of 
a hot fire. Compare the way in which the temperature will rise in 
the two. 

If they are filled with boiling water and placed in the middle of 
a room, compare the way in which the temperature will fall in the 
two. What general law do the experiments illustrate ? 

U. Describe experiments illustrating the diathermancy of bodies. 
Mention the chief facts known as to selective absorption, and 
explain the cause of this phenomenon. 

1,5. Describe various instruments for measuring incident radia- 
tion. Why are they usually coated with lampblack ? 

16. Show that the radiating and absorbing powers of a body are 
cijual (rt) for the total radiation, and {b) for each kind of radiation. 

17. Define the coefficient of transmission of a substance for radia- 
tion. If a plate of blue glass 1 mm. thick transmits half the radia- 
tion from a gaseous sodium flame which falls on it, what is the 
coefficient of transmission ? Dcjes it follow that the plate would 
transmit half the radiation from a lamp ? 

18. A Thermos flask consists of a double wall of glass with a 
vacuum between the walls. The walls are silvered on the surfjices 
next the vacuum. Explain how this construction enables the flask 
to retain heat. 
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FORGE, WORK, POWER, ENERGY. 

220. It is well at this stage that the student should 
become familiar with certain mechanical principles and 
theorems dealing with force» work, power, and energy. 
Before proceeding totliese it is perhaps best to recapitulate 
some elementiiry definitions. It is assumed that the 
student is familiar with the Knglish and Metric systems of 
units and their relations to each other. 

221. Matter. All bodies which are known to us consist 
of substances or materials of varying character. These 
substances or materials are included under the common 
name of Matter. 

Mass. Tlie quantity of matter in a body is called its 
mass. 

Velocity. The velocity of a body in a certain direction 
is its rate of change of position along a lino in that 
direction. 

It follows from tliis that the space described by a moving bixly in 
a given time is eipial to the prixiuet of the average velocity and the 
time. 

Momentum. The momentum of a moving body is a 
property it possesses by virtue of its mass and velocity 
conjointly, and is measured by the product of its mass and 
its velocity. 

Acceleration. The acceleration of a moving body is the 
rate of change of its velocity. 

362 
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Thus in the United Kingddm the velocity of a falling body in- 
creases by 32*2 feet per second every second, i.e. starting from rest 
the velocities at the end of the Ist, 2nd, 3rd secs, are 32-2, 64 4, 96 '6 
ft. per sec. In the Metric system this increase is 981*2 centimetres 
per second per second. 

Force. Force is that which changes, or tends to change, 
a body’s state of rest or motion. 

This is the usual definition of force ; but the idea of force is 
really a fundamental one, and force cannot be satisfactorily defined. 

If a constant force acts on a body, it gives it an accelerating 
motion, and it is to get a numerical value of force that we define it 
as efjiial to the product of tlte mas.s and the acceleration. From this 
it follows that when a force is accelerating the motion of a botly the 
force is numerically equal to the rate of change of the momentum 
of the body. 

This enables us to define the unit of Force. 

The F.P.S. unit of force is that force which, acting on a 
mass of one pound, gives it an acceleration of one foot per 
second per second. It is called the poundal. 

The C.G.S. unit of force is that force which, acting on a 
mass of one gramme, gives it an acceleration of one cm. 
per second per second. It is called tlie dyne. 

These are called the absolute units of force. 

Weight. Since the eaidh pulls a body towards it with a 
constant acceleration the earth must exert a force upon 
that body. This force is called the weight of the body. 

Carefully distinguish between mass and weight, eare being taken 
to express the force and mass in the correct units. 

It follows from the above that if ?n represent the mass of a botly, 
to its weight, and g the acceleration due to gravity 

to = mg. 

In the English system of units, m is in pounds, g in feet per 
second per second, and to in pounds-weiglit. 

In the Metric system of units, m is in grammes, g in centimetres 
per second per second, and to in grammes weiglit. 

Gravitational units of force. For every-day purposes 
the weight of a pound and the weight of a gramme are 
taken as the units of force in the English and Metric 
systems respectively The values of these units at any one 
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pliice depend upon the value of g, which slightly varies fronl 
place to place. 

It follows from tlie above that in the United Kingdom 

(1) A pound-weight is equal to 3*2 ’“i |M)undals, so that a poimdal 
is very neai ly equal to the weight of half an ounee. 

(2) A gramme-weight is equal to 981*2 dynes, so that a dyne is 
very nearly equal to tlio weight of a milligramme. 


222. Moment of a force. If a body is hinged or pivoted 
at one point and the body is acted on by a force applied 
at any other [)oint, the only possible motion of the body is 
one of rotation round the first point. 

Definition. — The moment of a force about a given 
point is its tendency to produce rotation about that point 
regarded as fixed, and is measured by the product of the 
force and the perpendicular from the centre of rotation on 
its line of action. 

The Principle of Moments. When a body, acted on by 
several forces in one plane, is in equilibrium, the sum of 
the moments of forces tending to turn the body one way 
alxnit any point in that plane is equal to the sum of the 
moments alx)ut the same point of the forces tending to turn 
the body the other way round. 


223. Couples. Definition. — A couple consists of two 
equal forces acting in opposite direc- 
tions along two parallel straight lines 
(Fig. 165). A co7iple cannot by itself 
keep a body in equilibrium, for it 
tends to rotate the body — the points 
of application of the two forces tend- 
ing to move in opposite directions. 






f 

Fig. 165. 



Examples of couples. In winding a clock we apply a couple to the 
key, for we do not try to make it move to one side or the otlier, but 
simply turn it round. To .spin a small top between the finger and 
thumb we apply a couple to it by moving the finger and thumb 
sharply in op[)OHite directions. To open a door w'e apply a couple 
to the handle. 


Definitions. — Tlie arm of a couple is the perpendicular 
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distance between the lines of action of its two components 
{i.e. the two forces forming tho couple). 

The moment of a couple is the algebraical sum of tlio 
moments of its two components about any point in their 
plane. 

It may also bo defined as the product of the measure of 
either force into the arm of the couple. 

Two couples in the same plane whose moments are 
equal and opposite will balance each other. This is 
obvious from the definition of moments. It may, however, 
be proved by the parallelogram of forces combining the 
forces in pairs or by experiment. 

224. Pressure. When the effect of a force is distri- 
buted over an area the cpiotient obtained by dividing the 
force l)y the area is called the pressure due to the force. 
Consider the steam in the cylinder of a steam engine. The 
steam drives out the piston with a certain force. This 
force is uniformly distributed over the face of the piston, 
and its magnitude per unit area is called the pressure of 
the steam in the cylinder. We thus have 
pressure = force area, 

and force = pressure x area. 

The unit of pressure is 1 dyne per sq. cm. in tlie C.Gl.S. 
absolute system, 1 gm.-wt. per sq. cm. in the C.G.S. gravi- 
tational system, and 1 pd.-wt. per sq. foot in the English 
gravitational system. 

226. The words “work” and “energy” are used in 
Physics with certain technical meanings which are ex- 
plained in this chapter. The student must distinguish 
very carefully betwt^en the scientific use of these words 
and their use in ordinary language. 

Work. 

228. Work. Definition.— Whenever a force acts upon 
a body in such a way that motion takes place, work is 
said to be done by the force. 
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Examples. A horse drawing a cart along a rough road ; a brick* 
layer carrying hrioks up a ladder; a man drawing water at a well 
or pump - in all these Ciises work is done. 

But, unless inotiou takes place, no work is done. 

When a man lifts a stone up from the ground, he does work ; if 
he further holds it up at a certain distance from the ground he 
exerts farce, but ho does not do any work. 

Thus, work is done by a force when its point of applica- 
tion moves in the direct ion of the force. 

On the other hand, when a body upon which a force acts 
moves (owing to other causes) in a direction opposite to that 
of the force, work is said to be done against tne force. 

Examples. When a body falls to the ground the force of gravity 
does work ; when coal is hauled up a pit work is done against the 
force of gravity. An engine in drawing a train on the level does 
work against the friction of the rails and axles, the pressure of the 
wind, etc. ; if the train moves up hill, work is also done by the 
engine against the weight of the train. 


227. Measure of Work. The work done by or against a 
force is measured by the product of the force {in units of 
force) and the distance (in units of distance) through which 
its point of application has moved parallel to the line of 
action of the force. 

If, therefore, the force is F, and the body moves through 
a distance s parallel to the line of action of the force, the 
work done = F«. 

The phrase “ the distance parallel to the line of action of the 
force” requires further explanation. If a man hauls a piece of 
marble up to the top of a house 90 ft. high, he does work against 
the weight of the marble through a distance df 90 ft., for this 90 ft. 
is measured vertically, i.e. in the line along which the weight of the 
marble acts. If, however, ho pulls the marble up an inclined plane 
of length 90 ft., « is not to be taken here as 90 when we are thinking 
of the work done against the weight. The weight acts vertically, ana 
we must therefore inquire what is the vertical distance through 
which the marble has been raised. If the top of the plane is 65 ft. 
alK)ve the bottom, then work has been done against the weight of 
the marble through a distance of 56 ft 
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228. Units of work. The unit of work is the work done 
by the unit force when its point of application is moved 
throngli unit distance parallel to its line of action. There 
are two units in each system — the absolute unit used by 
scientists and the gravitational unit used by practical 
engineers, who find the absolute unit too small to be con- 
venient. 

Absolute units of work. The F.P.S. unit of work is the 
work done by a poundal acting through a distance of 1 ft. 
This is termed a foot-poundal. 

The C G.S. unit of work is the work done by a dyne 
acting through a distance of 1 cm. This is tenned an erg. 

Examples. (1) If a force of 5 poundals moves a hofiy through 
4 ft. along its line of action the work done = Fs = {5 x 4) or 20 ft.- 
ponndals. 

(2) A force of 9 dynes acting through a distance of 2 metres does 
(9 X 2(X)) ergs, since 2 metres = 200 cm. 

The erg is a very small unit of work, and it is more 
convenient to use a larger unit. The unit chosen is called 
the joule. The joule is equal to ten million ergs, i.e. 

1 joule = 10’ ergs. 

Gravitational or practical units of work. These are 

(1) The foot-pound (ft. -lb.), which is the work done hy 
a force of 1 lb. wt. acting through a didance of 1 ft., i.e. 
the work done in raising a mass 1 lb. through a vertical 
distance of 1 ft. 

The foot-pound is approximately equal to 32 foot- 
poundals. 

(2) The kilogrammetre, which is the work done hy a 
force of 1 kilogramme wt. acting through a distance of 1 
metre, i.e, the work done in raising a mass ofl kilogramme 
through a vertical distance of 1 metre. 

The kilogrammetre is approximately equal to 98,100,000 
ergs. 

Example. What work is done in raising a hundred weight of 
coal 6 feet 7 

The force overcome = the weight of 1 12 lb., 
and the distance along the line of action of the force = Qft, 
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work done = Fs - (112 X = 672 ft.. lb. 

Notk that the answer is in £t.-/6., because we expressed the 
forces in Ih. wt. 

229. Work done by a couple. Ixjt A B (Fig. 166) 1x3 
tho position of the arm of a couple 
composed of two e(|ual forces, P 
causing rotation about the point 
0. The moment of the couple is 
given by M = P . A B. 

Let tho forces move the arm 
from the position A B to the posi- 
tion CD through an angle whose 
circular measure is 0, Then since 
tho point of application of the 
components of a couple always 
moves in the direction of tho line 
of action of the components the work done is given by 
W = PxarcAC-l-Pxarcl)R 

Now the arc AC = OA X circular measure of the angle 
AGO = 0 A . 6^ and the arc BD = 0 B . 0. 

W = P.0A.^4-P. 015.1? 
x=P(OA + OB)t? 

«=P. AB.^ 

- M.l?, 

i.e. the work done is equal to the product of tho moment 
of the couple and the circular measure of the angle turned 
through. 

Example. A couple comprised of two equal forces of magnitude, 
50 dynes, separated by an arm 12 cm. long, acts directly on a body 
and rotates it through a right angle. Find the work done. 

The moment of the couple = 50 x 12 = GOOdyne-centimetros. 

The circular measure of a right angle = radians. 

Therefore the work done =» 600 x ^ = 300 w = 942 ergs. 

230. Work done by pressure. Consider a piston in a 
cylinder separating two qmintities of gas at different pres- 
sures. The result will be that the piston will bo driven 
by the high pressure gas towards the low pressure gas. 
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We want now to find how the work done by the gas 
depends on the pressures of the two quantities of gas — tlie 
area, A, of the face of the piston and the distance, Z, the 
})iston moves. 

Let the gas pressures be P + and jp respectively, the 
liiglier pressure being on the left of the piston (Fig. 167), 
and suppose that the pressures remain constant as the 
piston moves. Then the 
iorce exerted by the 
high-pressure gas on 
the left face of the 
piston is (P -f _p) A', 
and the force exerted 
by the low-pressure gas 
oil the right bice of the Fig. 1G7. 

piston is A. The re- 
sultant force is therefore P A directed from left to right. 
The work done by this force in moving the piston a dis- 
tance Z = PA.Z = P.AZ. Now A Z is the volume swept 
out by the piston, tliereforo the work done = P x Volume 
swept out by the piston. 

If the gas to the right of the piston is air open to the 
atmosphere, p is e(iual to the atmospheric pressure, and P is 
therefore the pressure of the gas to the left of the piston 
in excess of the atmospheric pressure. This excess pres- 
sure is often called the pressure of the gas, and the above 
deduction may thus be expressed : “ If a piston is moved 
along a cylinder by the action of a gas at constant pressure 
the work done by the gas is measured by the product of 
the pressure of the gas into the volume swept out by the 
piston.” 

Power. 

231. Power. The power of a body is the rate at which 
it can work. The theoretical unit of power is therefore 
that which can do a foot-poundal of work in the English 
system or an erg in the Metric system per second. 

Distinguish between force and power : 

Work =» force x distance, 

= power X time. 



H. T. P. 
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The practical unit of work in English-speaking countries 
is the Horse-Power. 

Watt assumed a standard horse could do 33,000 ft.-lb. 
of work per minute, and this has gradually become the 
unit in which the powers of all engines, motors, waterfalls, 
etc., are expressed. 

Example. If an engine is capable of doing 11,000 ft.-lb. of work 
per second, its H.P. is i.e. 20. 

The practical unit of power in the Metric system is called 
the Watt. It is the power of an agent which works at tiie 
rate of ten million (10^) ergs or one joule per second. 

Work is equal to the product of power and time. Tlius 
if an agent does an amount of work W joules in time 
W 

t secs, its power is — watts, or if an agent of power P watts 

works for t secs., the work done is P t joules (or watt-secs.). 

The unit of power in electrical engineering is the kilo- 
watt or thousand watts, and the unit of time the hour, so 
that electrical energy is often spoken of in terms of kilo- 
watt-honra. 

Eemember 

One H.P. = 746 watta, a kilowatt = al)out 1| II. P. 


Energy. 

232. Energy. Definition.— The energy of a body is 
the quantity of work it is capable of doing in attaining a 
standard state. 

Energy refers to the total quantity of work the body can 
do in attaining that state, and implies nothing as to the 
time in which the work is done. 

233. Kinetic energy. Definition. — The kinetic energy 
(K.E.) of a body is the quantity of work it is capable of 
doing as it loses its velocity. 

A cyclist gets up speed before he comes to a hill, and his increased 
speed assists him m mounting the hill, and by means of it ho docs 
work against gravity. 

Water in motion can turn a water-wliool and thus grind corn. 
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The kinetic energy of a body of mass m moving with 
velocity v is given by half the product of its mass and 
the square of its velocity, i.e. 

K.E. 

Proof. Let a force act on a body of mass m through a 
distance 8. The velocity initially is zero. It increases 
uniformly to a value v, which is the final value. 

Tlie work done by the force is equal to the kinetic energy 
of the body (see Arts. 236, 237, 261), but the work done by 
the force 

= force X distanco aoted through 
= (mass X acceleration) X (average velocity x time) 

= (mass X average increase in velocity per sec.) x 
^iiiitial veloc^y +_final velocity ^ 

— I m 

tlio final kinetic energy of the body is equal to | m v*. 

If m is given in pounds and v in feet per second the 
K.L. is in foot-poiuidals. 

To express the energy in foot-pounds divide by g, i.e. 32. 

If m is in grammes and v in cm. per sec. then the K.E. 
is in ergs. 

To express the energy in gm.-cm. divide by (/, i.e. 981. 

234. Potential energy. If a man throws a stone up to 
the top of a cliff, lie does work against the weight of the 
stone. If the stone then lodges on the top of the cliff, it is 
in such a position that, if allowed to do so, e.g. by being 
pushed off the ledge, it will acquire a velocity, and therefore 
kinetic energy. By means of this kinetic energy it will be 
able to do the same amount of work as the man did in 
throwing the stone up. 

We see then that the stone is capable of doing work 
merely by virtue of its position relative to the earth, and 
to the work it can thus do is given the name potential, 
energy. 
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Definition. — The potential energy (P.E.) of a body is 
the quantity of work it is capable of doing by virtue of 
its position, * compared to some standard position. 

In the case of gravitational potential energy, this 
position is reckoned relative to the eiirth’s surface, so 
that when the body is on that surface its potential energy 
is zero. 

The potential energy of a body of mass m at a distance 
h above the ground is equal to the product of the weight 
of the body and the height, t.e. P.E. = mgh. 'i’he force 
required to lift it is equal to the weight of the body, and 
this force is exerted through a distance h. 

The work done is, by Art. 227, equal to mgh. 

Assuming the potential energy when on the ground to l)o 
zero, mgh is therefore the potential energy of the body at 
the height h. 

It follows from our definitions that the potential energy 
of a body at a given height is equal to the kinetic energy 
it would have just before reaching the ground if dropped 
from this height. 

Exp. 166. On the transformation of potential energy 
into kinetic energy. Hang a small weight by an elastic 
string from a support. Notice the position of the weight. 
Now raise the weight and let it fall. Notice that the 
weight descends below its first position, comes momentarily 
to rest at a definite spot, and then reascends, oscillat- 
ing about its original position. The body, therefore, in 
stretehing the string, does work against the tension of 
the string. 

Deduction. In raising the weight we gave it 'potential 
energy. When it reached the position in which at first it 
rc'st^ it was in motion and, therefore, had kinetic energy. 
Thus the potential energy had been transformed into kinetic. 
When it reached its lowest position it had lost its kinetic 
energy f and also some more potential energy ^ but the string 
now possesses potential energy due to strain. 

* Potential energy may also lie due to a change in the relative 
positions of the particlc.s of a b(jdy, as in the case of the main spring 
of a clock. 
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Further UlustrcUiom. (i) A pile-driver before bein^ allowed to 
fall has potential energy, which has been stored up in it by the men 
who pulled it up into position, and this energy is converted into 
kinetic energy when the pile-driver is released. 

(ii) A lake up in the hills has potential energy. No work can be 
done by it, however, unless the water is allowed to run down, and 
thus aaiuire kinetic energy. 

(iii) When a watch-spring is wound up work is done upon it 
against the elasticity of the spring. When permitted to do so the 
spring will emit this work again in turning the wheels of the watch 
as it tends to unwind itself. This also is a case of potential energy. 
In this case, however, energy is imparted to the body (».e. the 
spring), not by raising it, but by distorting it. 

(iv) Suppose two parti6les tied to a piece of elastic string and 
placed on a table so that the string is taut but not stretched. If the 
string be stretched and then set free, the particles move towards 
each other, t.e. the string employs force on the particles. Thus, in 
the stretched position, there was stored up in the string potential 
energy which was changed to kinetic energy of the particles when 
the string was released. 

We see then that a body may possess potential energy (1) when it 
is raised without distortion aliove the level of the earth, (2) when 
its shape is distorted. 

235. Work in any portion of an electric circuit. Con- 
sider any portion of an electric circuit, e.g. A B, Fig. 168, 
suppose a current of C amperes flowing in it, and let V 
volts be the potential difference be- 
tween its extremities A and B. Then ^ 

in one second C coulombs enter this 

portion of the circuit at A and leave ^ 8^^ 

it at B, so that they fall through V Fig. 168. 

volts. 

The fall of electricity through a potential difference is 
analogous to the fall of water or other material substance 
from a height, and in both cases work is done. The work 
done by an electrostatic imit quantity of electricity falling 
down a unit electrostatic potential difference is one erg. It 
is shown in more advanced text- books* that one coulomb, 
the practical unit of quantity of electricity, is equal to 
3 X 10^ or 3,000,000,000 electrostatic units of quantity. 
Also that a potential difference of one volt is equal to 

• Sco Stewart : Higher Texi-book of Magnetim and Electricity^ 
Art. 199. 
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of an electrostatic unit of potential. From which it follows 
that the work when one coulomb drops a potential dif- 
3 X 10^ 

ference of one volt is equal to —07:77— ergs. Now a 

oUU 

joule is equal to 10’ ergs, hence the work done when one 
coulomb of electricity falls down a potential of one volt is 
equal to one joule. Hence if C coulombs of electricity 
pass through a portion of a circuit and the potential drop 
is V volts the electneal energy spent is G V joules, or, in 
other w^ords, if C is the current, the rate of work is C V 
joules per second or C V watts.* 

We may therefore state our result thus : — 

When a current of G amperes Jlows through a portion of a 
circuit the P. D. of whose extremities is V volts, it delivers 
energy to that portion at the rate of V G watts. For short- 
ness this may be written : — 

Rate of work = V C watts (1) 

or still more simply : — 


Watte = volte x amperee (2) 

the latter being the form usually quoted hy electrical engi- 
ne<n‘8, to whom the relation is of frequent service. 

The English unit of power, the horse-power, l>eing equal 
to 746 watts, wo have, corresponding to equation (2), 


Horse power = 


(3) 


236. Energy can be transferred from one body to 
another. If a billiard ball in motion strikes one at rest, 
the latter begins to move whilst the former either slips or 
moves on with speed diminished. Thus the ball which 
had no energy before the impjict possesses energy after the 
impact, whilst the ball originally in motion loses part of 
its energy. It follows that energy has been transferred 
from one ball to the other. 

Impict is one method of transferring energy. Probably 

• If A B is an inert wire, the whole of this work is converted 
into heat and raises the temperature of A B, If A B contain 
apparatus, e.g. motors or dynamos, which use or supply energy, the 
alx>ve work is the algebraic sum of that converted into heat apd 
that utilised by the apparatus, 
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a more common way of bringing about such a transfer is 
illustrated as follows. Hold in the hand one end of a 
strong string to which a weight is attached. Move the 
hand to and fro in a horizontal line. Ho particle of the 
string moves, except to vibrate in a horizontal line, but the 
movement passes along the string in the form of waves, 
until the particles near the weight and finally the weight 
itself are set in motion. Thus, without the transfer of 
any material from the hand to the weight, motion, and 
theref(3re kinetic energy, has been transferred by vibrating 
an intermediate medium. If a bundle of strings was 
tied to the weight and held by the hand, and if the hand 
were made to vibrate in the same way, exactly the same 
phenomenon would be witnessed. 

Thus, whether the intervening medium be as fine as a 
fine string or have a considerable section like the bundle of 
strings, energy may be transferred from one body to another 
without the transfer of matter. It is probably by means 
of the vibrations of some such intervening medium called 
the eiher that the energy of the sun is transferred to us and 
makes itself sensible as heat and light (Art. 200). 

237. Several forms of energy. There is reason to 
believe that the particles of every body, whether solid, 
liquid, or gas, are in perpetual vibration. Indeed the heat 
which ])odies possess and emit is most probably due to 
the vibration of their particles. Owing to their vibration 
these particles possess kinetic energy, and it is assumed that 
what is called heat is due to this energy (Art. 4). 

It is now firmly held that not only heat but also light 
and sound are only forms of energy. Great experimenters 
have shown (1) that any one form of energy can be con- 
veided into any other, (2) that in such a conversion the 
quantity used up of the one is invariably equal to the 
quantity of the other created. It is not difficult to show 
the transformation from one form to another by simple 
experiment, but to show the strict equality between the 
quantities used and created requires special apparatus. 
The subjects of the transformation of work into heat and 
vice versa will be treated in detail in the next chapter. 
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Exp. 167. On the transformation of electric energy into mecha- 
nical energy. 8nspend a pith ball by a dry silk thread betwceji Uie 
charged knob of ai\ electrical machine and a conductor connected to 
earth b}' a copper wire. 

Notice that 

(i) the ball is attracted to the charged plate ; 

(ii) it is then repelled until it touches the conductor ; 

(iii) these motions are repeated a very considerable number of 

times. 

W hen tlie pith ball is first suspended it has no kinetic energy. 
Immediately it is set free it moves, i.e. it tikes up kinetic energy. 
^\'llat is the source of this energy? It cannot oo the conductor, 
for that differs in no way physically fnmi the suspended ball. 
The source, therefoixg must be the electricity of the charged plate. 
This is conlirmed by the facts that (i) the first motion of the sus- 
perided ball is towards the plate, (ii) the motion ceases when the 
plate originally charged ceases to give any sign of electrification 
wlien tested by the usual means. 

D' duction . — We conclude, therefore, that the electrical energy 
with which the plate was originally cndoweil has, to some extent at 
least, been transformed into the kinetic energy of the pai tiiile. 

Xote . — Only a very small portion of the electrical energy, how- 
ever, has been thus transformed. 

Exp. 168. On the transformation of electrical energy into heat. 

Partly fill a fair-sized beaker with water. Solder a coiled piece of 
thin platinum wire to two thick copper leads coming from a battery 
of several cells through a key. Place the platinum coil in the 
beaker ; place also therein a thermometer. Now pre.s8 the key to 
let the current pass, and keep it down for some minutes. 

Notice the rise of tempemture indicated by the thet niomoter. 

JMludifm . — Wo have here, therefore, heal eneniy which did not 
prev iously exist ; and the only possible source of it is the electrical 
current fwssing through the wire. This ekctrical energy is derived 
from the chemkal enenjy of the constituents of the cell. 

While the current is juvssing it will be found that a considerable 
quantity of heat is producer! in the cells of the hattery ; this heat 
is partly duo to tlie passage of the electric cuiToiit tlirough the cell, 
but is mainly due to chemical actions wliich are going on. 


EXERCISES XV. 

1. Define work. Give an illu.stration to show how a moving body 
may do work. 

2. How much work is done in each of the following oases? Give 
the answers in appropriate units. 

{a) When the mass of 10 Ib. falls 6 ft. 
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(6) By a man of 10 stone weight walking upstairs to a height of 
50 ft. 

(c) By a force of 4 poundals acting through a distance of 10 yards. 

(d) By a machine pulling a million grammes of coal up a pit a 
thousand metres deep. 

(e) By a force of 3 dynes acting through 2 centimetres. 

3. When is the energy of a pendulum bob (i) wholly potential, 
(ii) wholly kinetic? 

4. When an arrow is on the point of release the bow possesses 
potential energy. What is the dilTcrenco between this case of 
potential energy and that of a body raised above the level of the 
earth ? 

5. A bullet leaves a gun with a velocity of 800 feet per second. 
The lengtli of the barrel is 30 inclies and the mass of tlie bullet is 
1 oz. Find (1) the kinetic energy of the bullet when it leaves the 
muzzle ; (2) the average force on the bullet while in the barrel duo 
to the powder, assuming that the force is uniform. 

Expivss the force in ixaindals, pound-wt., and in dynes. 

C. A bullet of mass 25 gm., moving with a velocity of 300 metres 
per sec., is stopped by impact against a bone, being brought to rest 
within a distance of 3 cm. from first striking. Calculate tlie average 
force exerted by the bullet on the Iwne. 

7. Define the terms work, force, pressure. Show that if a piston 
is moved along a cylinder against a constant pressure the work done 
in a stroke is equal to the pnxluct of the pressure into the volume 
swept out by the piston. Explain clearly the units in which the 
work will be given by the calculation. 

8. What is meant bv Energy of Position? A reservoir of water 
of area 3.30, (KK) .sfjuare feet is initially of uniform depth, 10 ft. How 
manv foot-pounds of work can it supply to a turbine on a level with 
the bottom of the reservoir, and what horse-power can ib maintain 
on an average if it is emptied in 10 hours? 

9. In a certain stfirm the height of the barometer fell from 
771 mm. to 735 mm. Find the change of pressure on the earth’s 
surface in C.G.S. gravitational units. 

10. Electrical energy is supplied at a pressure of 200 volts to a 
hall for lighting purposes, ’fhe average current taken is 5 amperes 
ami the lights are used for 90 hours. Calculate tlio eleotricity bill 
given that the price of electrical energy is 4d. per kilowatt liour. 
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THE MECHANIOAL EQUIVALENT OF HEAT. 

238. Introductory. It has already been stated that 
heat is a form of energy, and that a given quantity of 
heat, measured in any arbitrary units, has a definite and 
constant equivalent in mechanical work or energy measured 
in mechanical units such as foot-pounds or ergs. Wo 
shall now briefly sketch the experiments and arguments 
which establish the truth of this dynamical theory of 
heat. 

Up to the commencement of the last century heat 
was considered to be a material “ igneous fluid ” called 
calorict which, according as it was present in a substance 
in large or small quantities, rendered that substance hot 
or cold. When it was shown that heat could be produced 
by friction, percussion, and other mechanical means, this 
was explained by assuming that these mechanical actions 
changed the condition of some portion of the body, and 
thus diminished its capacity for heat ; or, in plainer terms, 
some of the caloric was forced out of the body and made 
to appear as sensible heat. 

The dynamical theory of heat was established by two 
distinct steps. Towards the close of the eighteenth century 
the experiments of Eumford and Davy showed that led 
mdd not he a materia! substance, and thus the old caloric 
theory of heat was disproved. This theory, however, still 
held the field until, in 1849, the results of Joule’s quantita- 
tive experiments established the equivalence of heat and work, 
and ]oroved that heat must be a form of energy. Later 
i^xperiments by other experimenters and the mathematical 

m 
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development of the subject by Rankine, Thomson (Kelvin), 
and Clausius entirely confirm this result, and completely 
establish the dynamical theory. 

239. Rumford’s experiments. Count Eumford was an 
Anglo-American in the employ of the Bavarian Govern- 
ment, and was led to experiment on this subject whilst 
superintending the boring of cannon at the Munich Ar- 
senal. He noticed that during boring a large amount of 
heat was developed both in the cannon and in the boring- 
bar, and, struck with the apparently unlimited supply of 
heat, he determined to try and find out whether heat was 
really a material fluid (caloric) ^ as it was then considered 
to be. 

In considering the method of his experiment, it occurred 
to Rumford that if the heat was forced out of any part 
of the system he had to deal with, it came most probably 
from the borings, and accordingly he decided to determine 
whether there was any difference between the specific heats 
of the borings and the solid metal. This he did by taking 
equal weights of each, heating them to 212° F., and then 
immersing them separately in equal quantities of water at 
the same temperature. After one minute the rise of tem- 
perature in each case was the same. This experiment he 
repeated several times with the same result, and finally 
came to the conclusion that the heat produced could not 
have been furnished at the expense of the borings. 

Still pursuing the same train of thought, Rumford de- 
termined to use a blunt borer, so that only a very small 
quantity of borings should be produced in a given time. 
He arranged apparatus for this experiment, and found that 
an enormous quantity of heat was still evolved, although 
the weight of the borings produced was only about one- 
thousandth of that of the whole apparatus. 

Rumford was now convinced tliat the heat could not 
come from the borings ; neither could it come from any 
other part of the apparatus, for the metal was still in its 
initial condition and must therefore have the same specific 
heat, and every part of the system was gaining heat instead 
of losing it. 
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It then occurred to him that the only other source from 
which the heat could come was from the air. He accord- 
ingly excluded the air by causing the boring to take place 
under water. In two and a half hours from the commence- 
ment of the experiment the water boiled. This heat, it 
was argued, could not have come from the water, for the 
only change of condition experienced by the water was that 
due to gain of heiit. From these experiments Eumford 
came to the conclusion that heat was rwt a material sub- 
stance. In a paper published in 1798 he states his case 
thus : “ Anything which any insulated body, or system of 
bodies, can continue to furnish mtliout limitation cannot 
possibly bo a material substance ; and it appears to mo 
to be extremely difficult, if not quite impossible, to form 
any distinct idea of anything capable of being excited 
and communicated in these experiments except it be 
motion.^! 

240. Davy’s experiments. In 1798 Sir Humphry Davy 
showed that when two pieces of ice are rubbed together in 
a vacuum the ice melts, even if the initial temperature of 
the ice and its surroundings be some degrees below the 
freezing point. The melting of the ice shows that heat is 
produced, and its production cannot be due to a diminution 
of thermal capacity, for the specific heat of the water pro- 
duced is greater than that of the ice. Davy did not at the 
time see the full significance of this result, and it was not 
until 1812 that he clearly stated his opinion that heat was 
a form of molecular energy. 

Exp. 169. Hammer a piece of lead, saw wood, etc., and 
test the temperature of the lead, saw, etc., before and 
after the experiment. It will be found that the tempera- 
ture has risen. 

Exp. 170. Bub a brass nail or button on a wooden seat, 
and notice its increase in temperature. 

Exp. 171. Bore a hole in a piece of hard wood with a 
brad-awl. The brad-awl becomes hot. 
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Exp. 172. Feel the axle of a wheel which has been 
I’otating rapidly. It is warm, possibly hot. 

Exp. 173. Take a piece of thin iron plate and bend it 
forwards and backwards to produce fracture along a 
certain line. Feel the metal at this line. It is hot. 

Exp. 174. IJse a bicycle pump to inflate the tire or 
pump air into a clos^ bottle. Note that the pump 
becomes warm. Part of this is due to friction between 
the piston and the barrel ; but the greater part is due to 
the heat developed in the air on compression.* 

Deduction . — In these experiments the mechanical work 
expended in impact, friction, etc., has been transformed 
into heat. 

Exp. 175. Blow air by a pair of bellows against the face 
of a thermopile. The indication of the galvanometer 
shows that the temperature of the air has risen by reason 
of the work done upon it. 

Exp. 176. Allow compressed air to expand from a cylin- 
der of compressed gas. Cooling occurs. 

Study a steam engine. Note the transformation of the 
energy of the heat of the burning coals into tlie energy of 
mechanical motion. 

241. Joule’s experiments. Notwithstanding the con- 
clusiveness of Eumford’s and Davy’s experiments, they 
excited but little interest at the time, and the material or 
caloric theory continued to be held by most physicists up 
to the year 1840. It was not, however, till 1849 that the 
dynamical theory was generally accepted. In this year 
Dr. Joule, of Manchester, completed a series of experi- 
ments, which not only showed that heat was a form of 
energy, but accurately determined the quantitative relation 
between a given quantity of mechanical energy and the 
equivalent quantity of heat, 

• To test this point work the pump with the nozzle open ; the 
pump becomes only slightly warm. 
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Joule’s most important experiments were on the 
development of heat by fluid friction and on the heat 
effects associated with the compression and expansion of 
gases. Some of these experiments are described in the 
following Articles. 


242. Joule’s earlier experiments on fluid firiction. The 

most important of Joule’s experiments consisted in the 
development of heat by churning water in a copper vessel 
by means of a suitable paddle. The friction of the water 



Fig. 169. 


on itself and on the surfaces of the vessel and paddle pro- 
duced lieat, which resulted in an appreciable rise in the 
tem|)erature of the water. 

The apparatus used in this experiment is shown in 
Pig. 169. G represents the vessel containing the water. 
It was made of copper 10 in. high and 7 in. diameter, and 
was capable of containing about 10 pounds of water. 
Inside it were fixed vertically four vanes or partitions, 
arranged as shown in the sections given in Pig. 170. The 
vanes were attached to the brass framework which sup- 
ported the sockets for the axle of the paddle, in such a 
way as to leave a free central space in which this axle 
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revolved. The paddle consisted of a central axle carrying 
eight sets of brass vanes fixed at equal angles as shown in 
Fig. 170. The axle, a a, revolved in two sockets at the 
top and bottom of the vessel 0, and the revolving vanes, 
% passed through spaces cut in the stationary partitions, jp, 
just as a key turns in the wards of a lock. By this arrange- 
ment the water was prevented from rotating in the direction 
of revolution of the paddle. 

The motion of the paddle was produced by the fall of 
two equal leaden “ weights,” w w, each either 10 lb. or 



30 lb., attached by strings to the equal axles, x *, of two 
exactly similar and equal wooden pulleys, jJjo (1 foot 
in diameter). The motion thus communicated to the axles 
(2 inches in diameter) was transmitted by the pulleys, 
by means of cords, to the vertical wooden spindle, r, 
attached to the upper part of the paddle axle. To diminish 
friction as far as possible, the pivots of the pulleys were of 
steel, and rested each on two steel friction wheels. The 
handle, h, was used to wind up the weights into the posi- 
tion shown in the figure ; by taking out the pin at s the 
spindle r could be disconnected from the axle, a a, and 
the weights could thus be wound up without causing rota- 
tion of the paddle. 

With this apparatus Joule set himself to determine the 
quantity of heat produced by the expenditure of a given 
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amount of energy. For this purpose the water equiva- 
lent of C and its accessories was determined, and a known 
quantity of water was placed in C. The temperature of 
this water was given by a very delicate thermometer, t, 
reading to ^J^th of P F. To prevent loss of heat from C 
it was placed on a wooden grating which touched the 
ground only at the four corners, and the axle, a a, which 
was of brass, was made in two pieces, joined at 6 by a piece 
of wood. These precautions helped to prevent loss of heat 
by conduction. 

The weights were now wound up, the pin at s placed in 
position ; and the temperature indicated by t having been 
read, the weights were allowed to fall to the ground (the 
distance being about 5 feet). This was repeated twenty 
times with as little delay as possible, and the final tem- 
{)erature of the water in C was then carefully taken. It 
was noticed that the velocity of the weights during the 
latter half of their fall was nearly uniform. The velocity 
was determined by repeated observation with some accuracy. 
The data now obtained, subject to a few coiTections, 
served to determine the required relation. 

Let m denote the mass of each weight, h the height of 
its fall, and v the velocity on reaching the ground ; then 
w — mgh — \ mv^ 

denotes in absolute units ♦ the work done by ejich weight 
during each fall, for mgh is the loss of potential energy 
of each weight and ^mv^ is the gain in kinetic energy of 
(*ach weight. Hence, if the weight fall n times, the total 
work done is given by 2 » w. Again, let 9 denote the rise 
of temperature indicated by the thermometer and M the 
water equivalent of the apparatus C and the contained 
water; tnen 

Q es M ^ 

denotes the heat produced by the expenditure of a quantity 
of work denoted by 2,nw. 

The quantity is subject to several corrections, the 

* In gravitational units the equation reads ts » M A - | 
where M is the weight of each weight. 
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most important of which is that due to the work absorbed 
by friction otitside the water. To determine this correc- 
tion, Joule disconnected the spindle from the paddle, and 
connected the weights by a single cord adjusted round r in 
such a way that as one weight descended the other was 
raised. A small weight, p, was then placed on one of the 
weights, and adjusted by repeated experiment until the 
velocity of descent was equal to that noted during an 
actual experiment. The weight p thus approximately 
represented the resistance due to friction and the work 
spent in overcoming it, for each descent is given by 
w':=zph. Hence, the work absorbed by friction during 
n descents is given by n and the total work expended 
in the production of heat in the water is expressed by 
W =:2nw — nw'. 

The quantity Q is also subject to an important correc- 
tion due to the loss of heat by radiation during the 
thirty-five minutes occupied by the experiment. This was 
corrected by noting the mte of cooling for thirty-five 
minutes after the completion of the experiment. Let q 
denote the loss of heat by radiation ; then (Q 4* ?)» which 
may be denoted by H, expresses the total amount of heat 
produced by W units of work. 

The object of Joule’s experiments was to determine 
the relation between these two quantities. If H thermal 
units of heat are equivalent to W units of work, then 
one thermal unit of heat is obviously equivalent to 

units of work. 

J l IL 

Joule determined the value of this ratio from a very 
large number of experiments. He found it practically 
constant^ thus establishing the principle of equivalence 
between work and heat, and he gave as the mean value of 
the ratio iir 

g«772, 

where W is expressed in foot-pounds and H in pound- 
degrees Fahrenheit. This means that one pound-degree 
Fahrenheit of heat is equivalent to 772 foot-pounds of 
worki or that if 772 foot-pounds of work are expended in 
H.T.P. 26 
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the production of heat the quantity of heat produced will 
raise one pound of water through one degree Fahrenheit. 


W 

The value of this ratio, is known as Joule't equiva^ 
£[ 


lent or the mechanical equivalent of heat, and is usually 
denoted by the letter J. It might also be called the 
tpecifie heat of water in mechanical units. 


343. Joule’s later experiments on fluid motion. At a 
later date Joule carried out a final series of experiments 
for the determination of the mechanical equivalent of heat 
by the water friction method. These exMriments, com- 
pleted in 1878, were veiy similar to the earlier experiments 

in method, but the work 



Fig. 171. 


so rotating by the action of ; 
attached to the circumference 
171). In the figure the curved 


done in churning the 
water in the calorimeter 
was measured in a more 
satisfactory way. The 
calorimeter, instead of 
being fixed, was sup- 
ported so as to be free to 
rotate with the paddle, 
but was prevented from 
t couple apphed by cords 
of the calorimeter (Fig. 
arrow shows the direction 


of rotation of the paddle, and it will be seen how the 
tensions in the cords attached to the calorimeter supply 
the couple necessary to prevent its rotation with the 
paddle. 

The cords are applied to the calorimeter in a horizontal 
plane, but each cord passes over a pulley and hangs 
vertically, carrying a weight at the end. The weights 
are adjusted so as to keep the calorimeter in equilibrium 
against the couple, due to tbe rotation of the pad^e. Thus 
if r denote the radius of the calorimeter at the section 


where the cords are applied, and M the mass attached to 


each cord, then Ma .zr or 2 M ^ r is the moment of the 
couple applied by the cords, and when there is equilibrium 
this is ^ual to the moment of the couple against which 
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the paddle works. Hence the work, done by the paddle in 
one revolution is2Mgfr.2ir, or4irMar (Art. 229). 

In order that the cSdorimeter shoula be supported free, 
as far as possible, from all constraint preventing its rotation 
with the paddle, other than that due to the cords, it was at 
first carried bj- a bearing on the shaft of the paddle. The 
friction at this bearing, due to the weight of the calori- 
meter, was, however, found to be too great and too variable 
for the maintenance of 


equilibrium ; and Joule 
found it necessary to 
take the weight of the 
calorimeter off the bear- 
ing by supporting it 
from below by a stand 
floating freely in a ves- 
sel full of water. By 
adjusting the quantity 
of water in the vessel, 
the supporting stand 
could he made to take 
practically all the 
weight of the calori- 
meter. 

Figure 172, taken 
from Joule’s paper in 
the Transactions of the 
Royal Society^ shows 
the apparatus used in 
this series of experi- 



ments : h is the calori- Fig. 172. 

meter, v w the hydraul- 
ic stand, d and e the driving wheels, / a heavy fly-wheel 
to secure uniform speed of rotation, and g a counter for 


registering the turns made by the paddle. The apparatus 
was enclosed in a massive wooden box shown in section ; 


the top of the box carried the driving wheels, the upper 
shelf by a bearing at o carried the weight of the iMiddle 
and fly-wheel, and the second shelf carried the hyorauiic 
stand which supported the calorimeter. 




388 THB MKCHANICAL E^UlVAIiKNT OP HBAT. 

The vertical section and the plan of the calorimeter and 
paddle are shown in Fig. 173. The general plan of con- 
struction is very similar to that of the calorimeter and 
paddle used in Joule’s earlier experiments, but the paddle 
in this case has two sets of vanes, an upper set and a 
lower set, attached to the axis of the paddle in such a way 
that at the instant any paddle vane is in transit through a 
stationary vane, no other paddle vane is in this transit 
position, and that the transits during a complete revolution 

succeed each other at 
re^lar intervals. With 
this arrangement the re- 
sistance to the rotation 
of the paddle is more uni- 
form, and equilibrium is 
more easily maintained. 

In making an experi- 
ment the paddle was 
rotated for about 36 
minutes, and the rise of 
temperature noted in the 
usual way. The heat pro- 
duced in the calorimeter could thus be measured, and the 
equivalent work was calculated in the way indicated above. 

The values obtained by Joule in these experiments varied 
from 773*1 to 777*7 foot-pounds as the equivalent of one 
pound-degree Fahrenheit of heat. The mean result finally 
given by Joule as the result of his experiments was 773*4 
foot-pounds at Manchester. 

Joule also carried out a series of experiments on the 
friction of mercury, using a small iron apparatus similar 
to that described above. The results obtained were 
practicallv identical with those obtained with water, thus 
proving tnat the equivalence of heat and work is independent 
of the nature of the apparatus by which the transformation 
is effected. This conclusion was further confirmed by the 
results of some experiments with iron plates producing 
Wt by their friction whmi rubbed together under mercury, 
and mao by experiments on the compression and expmxsion 
of gases described in the next article 



Fig. 173. 
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Bzp. 177. Slake a rough determination of the value of the me- 
ohanioal equivalent of heat. Obtain a papier mdchd tube about 
2 metres Ions and 5 cm. in diameter, and two corks which tightly fit 
the tube, lake a pound of small lead shot, pour them into a basin, 
and insert a thermometer in their midst. Wait ten minutes for the 
lead to acquire the temperature of the room. Take this tempera- 
ture. Then pour the lead shot into the tube, close the tube and 
hold it vertical. Quickly invert it so that the shot fall the whole 
length of the tube. Repeat this operation 100 times, making sure 
that the shot fall the whole length of the tube each time. Then 
remove one cork fron\ the tube and pour the shot into thp basin and 
take their temperature as soon as possible. 

From the rise of temperature calculate the heat developed, also 
calculate the work done. 

Let m = mass in gm. of the shot, 

h = distance in cm. the shot fall each time, 
n — number of times the tube is inverted, 

8 = sp. ht. of lead, 
t — rise of temperature in degrees C. 

Then work done by gravity = n(m x h) gm.'Cm., 
heat gained by lead -met calories. 

J = 'atmJL =, IKI*: gm.-cm. per calorie 
mat at ^ ‘ 

* X 981 ergs per calorie. 

In the ordinary laboratory method of finding J the 
apparatus of Puluj is used. It comprises two steel cones, 
the outer one screwed to a revolving shaft, while the inner 
one, filled with mercury or water, is free to move accord- 
ing to the amount of friction between the two. The inner 
cone is kept stationary by means of a measurable couple, 
as in Joule’s second method. The mercury or water be- 
comes heated by friction between the two cones, and thus 

the ratio ™ can be determined. It would be tedious to 
h 

give here full particulars for carrying out the experiment, 
and most instrument makers supply full details with the 
apparatus.* 

* See special pamphlet issued by W. G. Pye and Oo., Granta 
Works, Cambridge. 
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844. Joule*! experiments on the Compression &nd Ex- 
pansion of gases. When a gas is compressed, the work 
done on ifc in effecting the compression produces heat, 
which raises the temperature of the gas. Similarly, when 
a gas expands, it does work against Sie external pressure, 
and consequently there is an absorption of heat, which 
lowers the temperature of the gas. (^xps. 178, 176.) 

Without experiment it cannot be assumed that all the 
work spent in compressing a gas is conyerted into heat, or 
that the heat absorbed during the expansion of a gas is 
equivalent to the work done. For example, when a steel 
spring is compressed, nearly all the work done in effecting 
the compression is spent in giving the spring potential 
energy, only a small fraction being spent in heating the 
steel. Similarly, when a gas is compressed the work done 
in compression may be partly 
spent in imparting potential 
energy to the gas, and partly 
in the production of heat. 

Joule had reason to believe 
that in some gases all the work 
done in compression or expan- 
sion had its equivalent in the 
accompanying thermal effects. 
Fig. 174. He verified this assumption 

by the following experiment. 
If a gas is allowed to expand into a vacuum no external 
work is done; and if any internal work is done — that is, 
if the potentid energy of the gas is changed by the expan- 
sion — then an equivdent amount of heat will be absorbed, 
and the temperature of the gas will be lowered. . 

Accordingly, Joule took two reservoirs, H, H* (Fig. 174), 
communicating by a tube fitted with a stopcock at S. The 
reservoir H contained air under a piessure of 22 atmo- 
spheres. was completely exhausted of air. These 
reservoirs were immerse in a large vessel, so constructed 
that a small quantity of water sufficed to cover them. The 
temperature of the water was then taken, and the stop- 
cock opened. The gas in H suddenly expanded into H', 
but amr stirring no change in the temperature of the 
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water as a whole could be detected, thus showing that 
very little or no internal work was done. 

Later experiments by Joule and Thomson on this subject 
showed that when a gas expands without doing external 
work a slight absorption of heat takes place, which is 
smaller the more nearly the gas conforms to Boyle’s law, 
and would be zero for a perfect gas conforming exactly to 
that law. 

Assuming then that, for air, the external work done 
during expansion is equivalent to the heat absorbed, it is 
evident that this fact may be readily adapted to the ex- 
perimental determination of the equivalence of heat and 
work. 

Joule adopted this method. In one of his experi- 
ments he employed a reservoir containing air under a 
pressure of 22 atmospheres, and immersed in water con- 
tained in a large calorimeter. The air escaped from the 
reservoir through a stopcock constructed to regulate the 
velocity of its flow, and through a long coil of le^ tubing, 
to the exterior, where it was collected in a large vessel under 
the pressure of the atmosphere. The stopcock and tubing 
were both immersed in the calorimeter, so that the air 
arrived at the exterior at the temperature of the calori- 
meter, and without any appreciable velocity.* The tem- 
perature of the water in the calorimeter was taken before 
and after the expansion; and the fall of temperature, 
multiplied by the water equivalent of the calorimetric 
apparatus, gave the heat, H, absorbed by the expansion of 
the air. 

To determine the work, W, to which this is equivalent, 
it is necessaiy to calculate the external work done by the 
gas during its expansion. Now the gas expands against 
the pressure of the atmosphere, which is constant during 
an experiment of short duration ; hence, by Art. 230, the 
work W done by the gas is equal to the product of the 
atmospheric pressure, P, and the volume, V, of the air 

* Had the air been allowed to expand freely into the air, it would 
have carried away energy in the form of kinetic energy, and thus 
the fall of temperature would have indicated a greater absorption 
of heat than that equivalent to the external work done. 
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collected after escaping from the reservoir and measured 
at atmospheric pressure. 

That is W *= P V 

and then W = J H, 

from which J can be calculated. 

From several experiments, of which the one described 
above is one of the simplest, Joule deduced results which 
agreed closely with those he had previously obtained by 
frictional methods. 

245. Calculation of Joule’s equivalent from the values 
of the two specific heats of gases. We have already, in 
Art. 97, referred to the fact that the specific heat of gases 
at consent pressure is greater than that at constant volume. 
This is evidently due to the fact that when a gas is heated 
at constant pressure it expands, and part of the heat ab- 
sorbed is expended in doing external work, the remainder 
being spent in increasing the temperature of the gas. When, 
however, a gas is heated at constant volume, no external 
work is done, and all the heat absorbed is spent in iucreas- 
ing the temperature of the gas. From this it appears that, 
since practically no internal work is done (Art. 244), the 
difference between the two specific heats should be equiva- 
lent to the external work done during the expansion, at 
constant pressure, of one gramme of the gas for one degree 
rise in temperature. 

That is, if 

8p denote the specific heat at constant pressure, 

8v the specific heat at constant volume, 
w = the work done during expansion of 1 gm. of gas 
per P C. rise in temperature, and 
h the heat equivalent of this work, 

« V) 

« A = 

Hence, if Sp, 8v, and w are known J can be calculated. 

Begnault was the first to determine Sp. His value is 
O’ 2374 (Art. 97) ; a later and probably more correct value 
for the value of $p at 20® C. is 0 2410. Joly was the first 
to determine His value is 01715 (Art. 165). Taking 
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the values 0*2410 and 0*1715, it follows that h = *0696. 
To calculate w we require the increase of volume of 1 gm. 
of air per I'^C. rise of temperature and the pressure at 
which this occurs. 

Take the pressure as 76 cm. of mercury at 0°C., in 
absolute units, this is 76 X 13*6 X 981, or 1*014 x 10® dynes 
per sq. cm. ' 

At 0°C. and a pressure of 76 cm. of mercury 1 litre 
of air weighs 1*293 gm. (Regnault), therefore the volume 
of 1 gm. of air at this temperature and pressure is 

^ ®*®*» inci'ease of volume for PC. rise 


77Q 

of temperature = = 2*83 c.c. 


Hence 


VO = 1*014 X 10* X 2*83 ergs. 
1:014X2:83^,0. 

■0695 


= 4*18 X 10’ ergs per calorie. 


The first calculation of this nature was made by Mayer 
in 1842. He assumed, from some crude experiments of 
Gay Lussac, that no internal work is done in the expansion 
of a gas, and then, from a knowledge of Regnault’s value 

of 8p and value of the ratio he deduced and finally 

8v 

the mechanical equivalent of heat. Owing to inaccurate 
data his value was far from the truth. 

It is also obvious that if the values of J and 8p are 
known the value of s, can be obtained by the calculations 
given above. 


• The ratio ^ , usually denoted by 7 , can be determined by several 

independent methods. Clement and Desormes found it from experi- 
ments on the quick compression and expansion of gases, and Rankine 
calculated it from the formula for the velocity of sound, viz. 

V «« 7 the air 

^ Density of the air 

The value of 7 for air is 1*404. (See alro Art. 26S.) 



894 THE HECHANIOAL EQUIVALENT OF HEAT. 


246. Howland’s experiments. Joule’s work on tke 
meclianical equivalent of heat was considered so important 
that Rowland, of Baltimore, thought it desirable to apply 
a number of corrections to the data of Joule’s experiment, 
and also to repeat and extend the experiments with the 
most laborious attention to the details of observation and 
coiTection of errors. 

The more important corrections applied by Rowland to 
Joule’s work included — 

1. The reduction of the temperatures recorded in the 
experiments to air thermometer temperatures. This was 
done by direct experiment with Joule’s thermometers which 
were available for the purpose. 

2. The correction for the variation of the specific heat of 
water with the temperature. 

3. The correction of all weighings for the buoyancy of 
air. 

The relative value of these corrections is indicated by 
the following particulars of the corrections applied to one 
of Joule’s 1878 results ; — 


Joule’s value 

... 774-6 

Thermometer correction 

... + 3-7 

Specific heat correction 

... + -2 

Reduction to vacuum correction 

... - '9 

Corrected value 

... =777-6 


In the experiments devised and carried out by Rowland 
the method of Joule’s later experiments was adopted. The 
object in view in designing the apparatus was to reduce 
to the lowest limit all the possible sources of error, and to 
provide for the correction of unavoidable sources of error 
with maximum of accuracy. 

In Joule’s experiments the unsatisfactoiy element was 
the large value of the cooling correction relative to the 
total rise of temperature during an experiment, for this 
caused an error in the determination of the cooling correc- 
tion to appear as an appreciable error in the value of J. 
Rowland improved on this by arranging, by the expendi- 
ture of much mwe power in driving the paddle, to get a 
much larger rate of rise of temperature. In this way the 
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percentage value of the cooling correction was greatly 
reduced, for with a given rise of temperature the cooling 
correction is directly proportional to the time in Tyhich 
the rise takes place. Thus in some of Joule’s experiments 
1°C. rise of temperature took place in about 1’5 hours; 
whereas in Rowland’s experiments a rise of PC. took 
place in less than two minutes ; the cooling correction in 
Rowland’s experiments was therefore only about ^^^th as 
great as in Joule’s experiments. 

In Rowland’s apparatus the calorimeter was suspended 
by a wire. The paddle shaft entered the calorimeter from 
below and was driven by a steam engine. The cords 
carrying the balancing weights were attached to the rim 
of a wheel rigidly connected with the calorimeter. 
total balancing couple was thus partly due to the balancing 
weights and partly due to tension of the wire. The calori- 
meter and p^dle were similar to Joule’s, but the number 
of paddle vanes was increased and arranged so that the 
thermometer could remain in the water all the time, and 
care was taken to circulate the water past the thermometer 
bulb. The calorimeter was surrounded by a jacket of 
constant temperature to ensure accurate corrections for 
cooling of corrections, and Rowland gives the mean value 
of J from his own experiments as 427*62 gramme-metres 
at Baltimore per calorie at 14*6° C. 

The mean result deduced by Rowland from Joule’s own 
experiments is 426*75 gramme-metres at Baltimore per 
calorie at 14*6. These results differ by less than 0*2 per 
cent, and give the value of J as vei 7 nearly 4*19 x 10’ 
ergs for 1 gram-degree Centigrade at about 15® C. 

Rowland’s experiments show that the variation of the 
specific heat of water with tempierature has a bearing on 
the value of J that comes well within the limits of obser- 
vation. Prom results obtained at different temperatures 
between 5® C. and 86® C. Rowland was led to conclude that 
the specific heat of water passes through a minimum at a 
temperature not far from 30® 0., and this conclusion has 
subsequently been justified hr experiments which go far to 
show that the specific heat oi water reaches a minimum at 
40® C. (See Art. 100.) 
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In 1892 Miculescu published the results of a determina- 
tion of J by a direct method similar to that of Joule and 
Eowland. The calorimetric measurements were, however, 
made by a null method, the calorimeter being kept at a 
stationary temperature by the flow of water between its 
double walls, and the amount of heat developed in a given 
time measured by determining the rate of flow of the 
water, and the difference between the temperatures of the 
water at entrance and exit, Miculescu gives 4267 as the 
number corresponding to Eowland’s value, 427 62, given 
above. 

247. Him’s experiments. I. Him found the value of 
J by an impact experiment. A large piece of iron was 
suspended by strings, so that when the strings were vertical 
the iron just rested against a thick lead * cup fitting in the 
end of a very large stone, suspended similarly to the iron. 
The iron was then drawn aside, and the height it was 
raised measured. It was then released. At the impact 
the energy, W,, spent by the experimenter in lifting the 
iron up when drawing it aside, less the energy, W^, spent 
against gravity in lifting up the stone and iron after the 
impact, was converted into heat. The temperature of the 
lead was taken before the impact. After the impact the 
lead cup was removed from the stone, water at 0° C. was 
poured into the cup, and its final temperature taken. Prom 
these readings the heat, H, generated by the impact was cal- 
culated. Thus J could be evaluated from Wj — Wj = J H. 
His result was 425 gium-metres per calorie. 

II. In all the experiments described so far work has been 
transformed into heat. Him performed a striking ex- 
periment, in 1867, with a steam engine, in which heat was 
transformed into work. He measured the quantity and 
pressure of the steam entering the cylinder. From these 
he calculated Hj, the heat supplied in a given time. When 
the still hot steam left the cylinder he made it pass 
through tanks of cold water, and so measured the amount 

* Lead was ohosen because of its inelasticity. There is little 
rebound from lead, and little sound is produced. 
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of heat, Hj, remaining in it when it left the cylinder. He 
also measured the heat, B, lost by radiation from the 
steam boxes and pipes. The difference, Hj — H, — B, is 
equivalent to the work done by the engine in the given 
time. 

The work done per stroke was measured by an indicator 
diagram (Art. 2613) in dynamical units. The mean effec- 
tive pressure on the piston read off from the diagram 
multiplied by the cross-section of the cylinder and the 
length of the stroke of the piston gave the work done per 
stroke, and this multiplied by the number of strokes in 
the given time gave W, the work done for an amount of 
heat Hj — Ha — B, whence 

T- W 

H, - Ha - R* 

Hirn’s value of J by this method was 420 gram-metres 
per calorie. 

248. Heat developed by a current in a wire. Joule’s 
law. If a current of C amperes passes through a wire, and 
the resistance of the wire is such that the potential differ- 
ence between the ends of the wire is V volts, it follows 
from Art. 235 that since the wire is merely an inert portion 
of a circuit the electrical energy turned into heat energy in 
the wire is V C joules per second. It is, however, more 
usual to express the heat energy in terms of the resistance 
and the current. If B is the resistance of the wire, we 
have, by Ohm’s law, V = C B and therefore V C = C* B. 

Our result is, therefore. 

Heat gezxerated per seGond in a wire of ) 
resistanoe R ohms by a onrrent of) Joules 
0 amperes ) 

This is known as Joule's law\ from it, it is clear that 
for the same current the heat developed in a given time is 
proportioned to the resistance^ while /or the same resistanoe 
it is proportioned to the square of the current. 

From (1) it follows that the heat developed in a time t 
in a wire of resistance B ohms by a current of 0 amperes 
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is C* E< X ergs. Dividing this by J we get 

calories. Hence, if we measure in calories the heat developed 
we have a means of finding J. 


Exp. 178. Make a Joule's calorimeter and find the value 
of J, Take a thin copper calorimetei’ 
and fit it with a cork (Fig. 176). In 
the figure the calorimeter is made trans- 
parent in order to show the interior. 
Bore four holes through the cork, two 
quite small, to admit lightly thick copper 
wires, and two larger, one to admit an 
accurate thermometer * and the other a 
stirrer. To the lower ends of the thick 
copper wire solder the ends of a spiral of 
silk-covered German silver t wire, enough 
wire being taken for the coil to have a 
resistance of 10 to 20 ohms. The resist- 
ance at the mean temperature of the 
experiment should be accurately known. 
To the upper end of the copper leads 
attach binding screws and connecting 
wires. Mount the calorimeter in a heat 
shield as in specific heat work (Art. 88). 

Make up a circuit as in Pig. 176, where G is a tangent 
galvanometer whose 
constant is known, B 
a battery of 6 Grove’s 
cells, C Joule's calori- 
meter, E a commutator, 

B a carbon rheostat. 

Put a weighed quantity 
of water into the calori- 



Fig. 176. 


— urn- 

a 

Fig. 176. 


meter, fit the cork and take the temperature of the water. 
Now complete the circuit, and adjust R to get a reasonable 
deflection of the galvanometer and keep the current steady 


* It should be graduated to fifths or tenths of a degree. ' 

t The resistanoe of German silver does not alter much with 
temperature. 
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at this mark. The temperature of the water gradually 
rises. Stir well. Note carefully the time it takes to rise 
successive degrees. 

While the calorimeter is colder than the air it is gaining 
heat from outside. When warmer than the air it is losing 
heat. We shall get our best result if we take the rate of 
rise of temperature when the temperature of the calori- 
meter is equal to that of the air. To get this plot a graph 
between temperature and time, smooth out irregularities, 
and then calculate the correct slope of the graph when the 
temperature is equal to that of the air. Calculate the 
total water equivalent • of calorimeter and its contents. 
Then if 

M is this water equivalent in gm., 

6 the rise of temperature per t seconds, calculated as 
explained above, 

M 9 

-j. » heat developed per second. 

Obtain 0 from the reading of the tangent galvanometer 
5 Hr 

(C = — - tan 8, with the usual notation) and evaluate 
irn 

C* E. * Then calculate J from the equation 
j C*IUxlO’ 

M9 ' 

In a variation of this experiment an ordinary incandescent 
16 c.p. electric lamp is used and immersed upside down in the water 
of the calorimeter. 

Example. — A steady current of 1§ ampere was passed through a 
resistance of 15 ohms, and in 120 seconds it raised the temperature 
of 240 gm. of water exactly 5^C. Find the mechanical equivalent 
of heat. 

We have 

Heat developed by the current 

-C»R<xlO’ 

- y X 16 X 120 X 10’ ergs. 


* Sinoe the resistance of a wire alters with temperature its value, 
Ri should be measured at the mean temperature of the experiment 
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But this is equal to 240 x 5 calories, 

. T -- 26 ^ 16 X 120 X 10’ 

• 9 240 X 6 

= 4j X 10’ ergs per calorie. 

Within recent years two very careful determinations of J 
have been made by Principal E. H. Griffiths and Professor 
Schuster, by the calorimetric determination of the heat 
developed in a wire carrying a current by the expenditure 
of a known quantity of energy measured in electrical 
units. 

The absolute values of the electrical units involved are 
probably known with greater accuracy than the value of J, 
and with proper precautions the method gives good results. 
Griffiths gives 4T94 x 10’ ergs as the mean value of J at 
15° C., the scale of temperature being that of the nitrogen 
thermometer. Schuster and Gannon give 4T91 X 10^ ergs, 
with the same reference conditions, as the mean of their 
results. 

249. The value of J. The latest figures for J are given 
in the following table : — 

778 foot-pounds per water-pound-degree Fahrenheit. 

1400 foot-pounds per water-pound-degree Centigrade. 

*427 kilogrammetre or 427 gramme-metres per water- 
gramme-degree Centigrade. 

4’ 19 X 10^ ergs per water-gramme-degree Centigrade. 

10’ ergs is often called a joule. Hence we may also 
write — 

J =.4T9 joules per water-gramme-degree C. 
or 4T9 joules per calorie. 

260. The first law of thermo-dynai^os. This law 
asserts the equivalence of heat and work in a definite 
ratio determined by experiment. It may be stated 
thus ; — 

When tooth is transformed into heatf the quantity of heat 
produced is equmdent to the quantity of work expended in 
its production', and conversely when heai is transformed 
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into worh, the quantity of work produced is equivalent to 
the quantity of heat expended in its production. That is, 
in both cases, 

W = JH, 

where W denotes any definite quantity of work, H the 
equivalent quantity of heat, and J the ratio of these two 
quantities. This ratio is known as Joule’s equivalent, 
or the mechanical equivalent of heat, or the specific heat 
of water in mechanical units. The value of J in the 
different systems of units is given above. 

251. Conservation of energy. As we have already 
mentioned in Art. 237, it has been proved that whenever 
energy in one form disappears it is always replaced by 
an exactly equivalent amount of other forms of energy, 
Hence, when all the forms of energy are taken into con- 
sideration — 

(1) The total amount of energy in the universe is absolutely 
unalteralde, i.e. no energy is ever created or destroyed. 

(2) The various forms of energy may^ though not always 
at will, he converted one into another.* 

Energy may be transferred from one body to another, 
or transmuted from one kind to another, but the energy 
lost by one body is gained by other bodies, and vice versa. 

The principle contained in the above propositions is 
known as the Conservation of energy. 

252. Thermo-electric currents. If a circuit is made up 
with two wires, P and 0 (Pig. 177), of different metals 
joined together at their ends, it is found that a current 
can be produced in the circuit by heating one of the junc- 
tions, or, more generally, by establishing, in any w^, a 
difference of temperature between the two junctions. Such 

* In nearly all operations some energy is wasted in friotion, eto., 
going into the form of heat energy ; as a rule, very little of this 
energy is recoverable by human agencies, and it is therefore said to 
be dissipated. In any store of energy that portion whioh can be 
used for actual mechanical work is often spoken of as the avaUabU 
energy. 
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junctions are termed thermo-electric elements or couples. 
The existence of this current can be shown by including a 
galvanoscope in the circuit. The current is maintained so 
long as this difference of 
temperature is maintained, 
and varies in direction and 
strength as this difference 
varies. 

Fig. 177. 179 ^ Take pieces of iron 

and copper wire of about equal 
lengths (say, 2 feet), and join one end of each to a sensitive ^alvano- 
scope. Twist the other ends tightly together. Warm this junction 
with the hand or a flame. There is a deflection : thus indicating 
the passage of a current. Cool the junction in ice : the deflection 
is reversed. Find by experimenting with a voltaic coll joined to the 
galvanoscope the relation between the sign of the deflection and the 
direction of the current in the circuit. With moderate tempera- 
tures you M'ill find that the current always flows from copper to 
iron across the hot junction. 

Similar results are obtained with a couple formed with 
wire or rods of any two metals, but the direction and mag- 
nitude of the currents are different for different metals. 

If a thermo-electric couple is maintained with its junc- 
tions at different fixed temperatures, as in the case of the 
copper-iron couple describe above, it is found that, in 
general, it absorbs heat at the hot junction and gives out 
heat at the cold junction. There is also, in geneiul, 
absorption and evolution of heat in the wires of the 
couple ; but, taking the circuit as a whole, there is always 
'more heat absorb^ than evolved, so that the circuit 
absorbs energy in the form of heat and transforms it 
into the electrical energy of the current produced in the 
circuit. This electrical energy could be made to do 
mechanical work in turning an electro-hiotor or chemical 
work in effecting el^trolysia. In the ordinary circuit, 
however, as in l^p. 179, it is finally dissipat^ in the 
circuit as heat. 

Under ordinary conditions thermo-electric currents are 
veiT weak, and Ihermo-electric couples cannot be economi- 
c^ly used in practice for the development of current. 
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EXERCISES XVL 

1. When the tyre of a bicycle is being inflated, the pump becomes 
very hot. What is the source of this heat ? 

2. Why does the barrel of a gun become hot after several shots 
have been projected ? 

3. Describe how the energy of water which falls from a height 
into a pond without outlet is transformed. 

4. Describe the transformations of energy when a spark is pro- 
duced by means of a flint and steel. 

5. Describe the transformations through which energy passes as 
clouds are formed and as rain returns from them to the earth. 

6. Describe the passage of energy from the coal to the passengers 
and the rails when a train is in motion. Where else has energy 
gone? 

7. In a ship building yard a machine pierces holes in iron plates 
by punching out circular fragments. J^fore beginning work the 
machinery and iron plates are quite cold. After the operation the 
circular fragments are too hot to hold in the hand. Why is this? 
How could you ascertain experimentally the amount of heat gained 
by one of the fragments during the process ? 

8. What is meant bv the mechanical equivalent of heat? In 
what sense can it be called the speciflc heat of water in mechanical 
units? 

9. A mass of 10 pounds falls to the ground from a height of 700 
feet. Assuming that it does not rebound, And the beat liberated 
by impact on the ground. 

10. A waterfall is 1,400 feet high. Assuming that no energy is 
lost by the water, find how much hotter the water at the bottom is 
than the water at the top. Express the answer on both the Centi- 
grade and the Fahrenheit scale. 

11. A pound of load is lifted up 20 feet and dropped upon a stone 
slab. This is done quickly 10 times, and at the end the lead is found 
to have warmed 4*65*^ C. above its initial temperature. Assuming 
that all the heat generated remains in the lead and that the specific 
heat of lead is 0 031 (water being taken as unity), calculate the 
work equivalent of the heat which would warm one pound of water 
1 degree Centigrade. 

12. An engine consumes 3 pounds of coal per horse-power w 
hour. The heat developed by the combustion of 1 jpoundf of coal is 
capable of converting 15 pounds of water at 100^ C. into steam at 
100° 0. Find the emoiency of the engine. 
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13. A 10-horse-power engine doea 330,000 foot-pounds of work 
per minute. Assuming that only fj^th of the energy in theooal is 
utilised for mochanical purposes, and that one pound of ooal 
generates 12,000,000 foot-pounds of work during combustion, 6nd 
the mass of coal used per hour. 

14. The specific heat of ice is 0*6. Express this (1) in foot-pounds, 
(2) in ergs. 

15. Express the latent heat of fusion of iee and the latent heat of 
vaporisation of water in foot-pounds and in ergs. 

16. Show that the work done by a gas during expansion under 
constant pressure, for one degree rise in temperature, is the same 
for all pressures and temperatures for the same mass of gas. Hence 
show that tlie difference between the two thermal capacities per 
unit volume is the same for all gases at the same pressure and 
temperature. 

17. How can the amount of work done against external pressure 
during change of volume be expressed numericallv ? 1 gramme of air 
is heated under constant pressure from 0“ to 10^ C. ; determine the 
work, either in ergs or in gramme centmetreSy due to the expansion. 
[Coefficient of expansion of air 1/273. 1 cubic centimetre of air at 
0“ under pressure of 76 cm. mercury weighs 0 001 293 gramme ; 1 cubic 
centimetre mercury at 0° weighs 13*696 grammes ; p = 981 cm. per 
sec. per sec.] 

18. Given that the ratio of the two specific heats of air is 1*41, 
and that the work done during expansion, at normal pressure, by 
1 gramme of air when its temperature is raised from (f C. to TO. is 
29^ centimetre-grammes ; find the value of the two specific heats. 

19. When a gramme of water at 10(f C, is turned into a gramme 
of steam at 100^ C. and atmospheric pressure, the increase of 
volume is 1,671 c.c. The pressure of the atmosphere being 
1*014 X 10* dynes per cm., find roughly what fraction of the 
latent heat of vaporisation is spent in lifting up the atmosphere. 

20. If a current of 2 amperes flowing in a wire immersed in 
100 gm. of water raises the temperature of the water 6® 0. in 
twenty minutes, what is the resist^ce of the wire ? 
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263. Isothermals. Dbfinition. An isothermal at any 
temperature for a given substance is a curve which repre- 
sents, for that temperature, the relation between pressure 
and volume. As usually plotted the horizontal axis is 
taken as the axis of volume and the vertical axis as the 
axis of pressure. 

We have already met with a curve of this nature in 
Art. 66. 

On a pressure- volume diagram an isopeistic is a line 
parallel to the axis of volume and an isometric is a line 
parallel to the axis of pressure. See also Art. 76. 

Isothermals for perfect gases. In the case of gases the 
relation between pressure and volume at constant tempera- 
ture is expressed by Boyle’s law. Hence, the isothermals 
for gases which conform to this law are curves which 
satisfy the relation 

P V » constant.* (Art. 65) 


The value of the constant will be different at different 
temperatures ; but we know that if T denote the absolute 
temperature then we have 



where B is a constant for the same mass or the same gas. 

Hence, if volumes are denoted by abscissae and pressures 
by the corresponding ordinates, the isothermals for a perfect 
gas are curves such that for any given value of T the 
PV 

quantity — has some constant value. For example, if 


* A curve satis^g the general relation a; y » constatU is called a 
rectangular hyperoola, (See Smithes Conk Sectums*) 
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m 


at 0^ C. and a pressure of 1 atmosphere the volume of the 
gas is 1 litre, then, in the units given, P z= 1, V = 1, and 

T = 273° A. Hence we have ~ = -L ; that is, when 

X Z7o 


T = 273° A, then P V = 1, and the curve satisfying this 
relation is the isothermal for 0° C. 

Similarly, when T = 373° A, we have 

= _L or PV -• • 

373 273 ^ m* 


and the curve satisfying this relation is the isothermal at 

100° c. 



Fig. 178. 


To plot these curves take convenient values of P and 
calculate the corresponding values of V. Convenient 
numlwrs from w'hich to plot the isothermals at 0° C. and 
100° 0. and the curves themselves are shown in Pig. 178, 
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curves AB and CD, the abscissae representing the 
volumes, and the ordinates representing the pressures. 

In this way the isothermals tor a series of temperatures 
may be drawn, each curve representing the relation between 
pressure and volume at the temperature for which it is 
drawn. 

254. Isothermals for gases which are not perfect.’* 

In the case of a gas which only approximately conforms 
to Boyle’s law, the general character of the isothermals is 
similar to those for a perfect gas ; but in sucli a case the 
value of P V generally * decreases as P increases, and thus 
tlie curve becomes less steep as P increases, and therefore 
falls below the true position of the theoretical curve. In 
Pig. 178 the dotted line B E represents generally the nature 
of this departure from the true form of the curve. When 
a gas approaches its point of liquefaction the decrease in 
P V becomes more marked, and the isothermal falls con- 
siderably below its theoretical position. 

255. Isothermals for liquids and solids. The isother- 
inals for liquids and solids are of little interest, for in 
these cases the volume changes but little for very wide 
limits of pressure. Hence, if, as before, V be represented 
by abscissae, and P by ordinates, then the isothermals for 
a liquid or a solid are practically straight lines very close 
together and parallel to the line of pressures. These are 
practically isometrics. (See the curves on the left of 
Figs. 179, 180.) 

256. Isothermals for vapours. ILet us now consider the 
isothermals for a vapour at temperatures at which the 
passage from vapour to liquid comes within the limits of 
the curves. Taking the case of aqueous vapour at lOO^^ C., 
for pressures less than one atmosphere the isothermal, a b, 
Pig. 179, is similar to that of a gas; but, as explained 
above, falls considerably below the position demanded by 
Boyle’s law. At a pressure of one atmosphere condensa- 

* See Table in Art S69. 
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tion commences, and a considerable change of volume is 
effected at constant pressure ; this part of the isothermal, 
h c, is therefore horizontal or parallel to the line of volumes. 
When the vapour is completely converted into water, the 
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isothermal, c d, assumes the form characteristic of a liquid 
— that is, it passes upwards in a direction almost parallel 
to the line of pressures.* 

* On the soale to which Fig. 179 is drawn this portion of the iso* 
thermal would be so close to the line of pressures as to be practically 
coincident with it. 'For the sake of clearness, however, the complete 
curve is shown. 
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In the portion a b of this isothermal the substance exists 
as a vapour, in b c as both vapour and liquid, and in c d as 
a liquid only. The relative quantities of vapour and liquid 
present in a condition corresponding to the position any 
point 0 on 6 c is determined by the ratio he: ec. 

Consider now the isothermal for 130° C. The general 
course of the curve is similar to that at 100° 0., but con- 
densation does not take place until a pressure of about 2*7 
atmospheres is reached. For this reason the volume of 
steam when condensation sets in is much less than at 
100° 0. On the other hand, the volume of the water 
produced is greater than at 100° 0., for the expansion due 
to the increase of temperature more than counterbalances 
the compression produced by the increase of pressure. 

From this it is evident that the transition from the 
gaseous to the liquid condition becomes less abrupt as 
the temperature rises. This is indicated in the figure by 
the decrease in the length of the horizontal portion of the 
isothermals. At the point h the substance is a vapour, at 
c it is a liquid ; hence, as h and c approach one another, 
the intermediate condition, in which the substance exists 
both as a liquid and as a vapour, becomes less marked. 
This suggests the possibility that at a sufficiently high 
temperature the points b and c may coincide, and at the 
point of coincidence the substance may be considered either 
as a vapour or as a liquid — that is, these two conditions 
may merge into one. 

257. Andrews’ experiments on carbon dioxide. Dr. 
Andrews, in his experiments on carbonic acid gas,* put the 
hypothesis mentioned in the last paragraph to the test of 
experiment, and showed that it was true. He determined 
the isothermals for this gas at several different tempera- 
tures, and found that at 31° C. the horizontal part of the 
curve disappeared, and that the point which represented 
it corresponded to a pressure of 74 atmospheres. Dr. 
Andrews called this point the critical point, which may be 

* The word gaa is here used to include the two continuous states 
of gas and vapour. If we diatin^msh the states, the substance is 
only a gas when it is above the critical temperature. 
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defined generally as the particular conditions of tempera- 
ture and pressure which determine, for any substance, 
the coalescence or continuity of the gaseous and liquid 
states. 

The condition of the substance corresponding to the 
critical point is sometimes referred to as the critical state 
of the substance. The critical temperature for any substance 
is the temperature at which, for a given pressure, the sub- 
stance passes through the critical state. The critical tem- 
perature for carbonic acid gas is therefore about 3P C. The 
curves shown in Fig. 178 represent these facts graphically 
for the case of carbonic acid. The isothermals for tem- 
peratures lower than the critical temperature are of the 
character described above for aqueous vapour. At the 
critical temperature the horizontal portion of the curve 
vanishes at the point C, which represents the critical point. 
For temperatures above the critical temperature the iso- 
thermals at first show a double inflection above the critical 
point, but as the temperature rises they gradually assume 
the characteristics of the gaseous state. 

The dotted curve shown in the figure is, in its right 
branch, the locus of the points at which condensation 
commences, and, in its left oranch, the locus of the points 
at which condensation is complete. The right branch 
therefore marks the left boundary of the entirely gaseous 
state, and is hence called the vapour line. The left branch 
marks the right boundary of the entirely liquid state, and 
is called the liquid line. These boundaries meet at C, 
and are continued thence, in an upward direction, by the 
isothermal for the critical temperature. Within the space 
bounded by the vapour and liquid lines, the substance 
exists as partly vapour and partly liquid. 

Dr. Andrews obtained the data for the construction of 
these isothermals by enclosing the gas in a strong capiflary 
tube and subjecting it to hydrostatic p^:«8sure. The 
pressure was indicate by means of an air manometer, the 
volume by graduations on the capillary tube, and the 
temperature was regulated by surrounding the tube by 
another cariying a current of water at the required 
temperature. 
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Fig. 181 gives a general view of Andrews’ apparatus. 
The tube T contains the gas under experiment, ana M is a 
similar tube containing air which acts as a compressed air 
manometer for the measurement of the pressure exerted in 
T. The tubes are secured by water-tight fittings into the 
metal tubes CC, which communicate by the cross tube AB, 
and carry the screw plungers SS fitted water-tight through 



Fig. 181. Fig. 182. 


the bottom of the tube. The lower part of the glass 
tubes T and M contain mercury and the rest of the in- 
terior of the glass and metal tubes is filled with water. 
The diagrammatic section of the apparatus given in Fig. 
182 shows the form of the glass tul^s used and indicates 
generally the working of the apparatus. The pressure is 
adjusted by means of either of the screw plungers S S, and 
the temperature of the substance in T is controlled by 
surroun^g the tubes with a liquid or freezing mixtuie at 
the. required temperature. 
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258. Cagniard de la Tour's experiments. The critical 
pressure and temperature for a liquid may also be deter- 
mined by finding the point at which the maximum Tapour 
pressure curve for the substance ends. If a quantity of a 
liquid is heated under proper conditions in a closed tube 
and the pressure measured, the pressure at any temperature 
up to the critical temperature is the maximum vapour 
pressure for that temperature, but beyond that tempera- 
ture the magnitude of the pressure is found to depend 
upon the quantity of substance present. 

In an experiment due to Cagniard de la Tour, the liquid 
at B in the tube AB,‘ Fig. 183, was heated, 
and the pressure indicated by the compres- 
sion of the air at A, which is separated from 
the liquid by the mercury in the bend of the 
tube. As the temperature rose the surface ^ 
of separation between the liquid and vapour 
at B was observed to become less distinct, 
and at a certain temperature it ceased to 
exist. 

This temperature is close to the critical 
temprature, but the substance is not neces- 
sarily in the critical state. It is evident that, 
in an expriment of this kind, where the 
volume occupied by the substance is fixed 
within narrow limits and cannot be adjusted, 
as in Andrews’ expriments, it is impssible 
to place in the tube the exact quantity of sub- Fig. 183. 
stance which will, at the critical temperature, 
give the critical state. If the volume available in the tube 
at the critical temprature is greater than the critical 
volume for the mass of substance taken, then the sub- 
stance will fill the space as unsaturated vapour, and in this 
case it is pssible that the liquid may prsist in a supr- 
heated state beyond the temprature at which saturation 
ceases, and then suddenly vaprise at a temprature close 
to the critical temprature where the surf^ tension of 
the liquid reaches its zero value. 

If the volume available in the tube is less than the 
critical volume, then before reaching the critical tempra- 
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ture the liquid will fill the space, and if heated past the 
critical temperature it will at that temperature change to 
the gaseous state without any apparent change of state. 
These changes, which take place when a liquid is heated in 
a closed space of constant or nearly constant volume, may 
be followed on Pig. 180, by tracing the state of the sub- 
stance along constant volume lines drawn parallel to the 
axis of pi'essui’e. There is evidently only one line of con- 
stant volume which passes through the critical state. 

CBITIGAL TEMPERATURES. 

Hydrogen -234®G. Ammonia 130° C. 

Air -140‘’ C. Sulphur dioxide 167° C. 

Carbon dioxide 30*9° C. Water 374° C. 

Exp. 180. Find the critical temperature of sulphur 
dioxide. Liquid sulphur dioxide is sealed up in a thick 
walled glass tube so that it occupies a part of the space, 
the rest being filled with sulphur dioxide gas. 
The tube is then heated. As the temperature 
rises the meniscus gets flatter, and finally sud- 
denly disappears. The temperature of disappear- 
ance is close to the critical temperature. If the 
tube is now allowed to cool the meniscus suddenly 
reappears. The mean of the temperatures of dis- 
appearance and reappearance may be taken as 
the critical temperature. 

The tube. Take some thermometer tubing, 
clean it with nitric acid and distilled water, and 
dry it by a hot-air current. Heat the tube (near 
one end) in the flame until the walls thicken in- 
to contiit. Pull out the softened glass to get a 
thin rod extended from the end of the tube. Cut 
off at a convenient point and bend the rod around 
to form a hook for supporting* the tube (Pig. 
Fig. 184 . 184, which shows the tube in its final form). Heat 
the tube again about 5 in. from the closed end 
and pull the tube out to form a slight constriction in the 
tube (B, Fig. 186). The tube is now ready for filling. 

Sulphur dioxide may be obtained in the liquid state in 
strong glass bottles provided with screw stoppers. (This 
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is the most convenient form for this experiment, but if not 
available the gas may be prepared by any one of the ordi- 
nary chemical processes as long as it is carefully dried.) 

Take a piece of tubing, heat it and pull it out to 
make a fine capillary jet. Bend the jet at right angles 
and fasten the other end of the tube to the spout of the 
bottle of gas by means of an indiarubber tubing. (See 
Fig. 185.) Make a freezing mixture of calcium chloride 
and ice-shavings and place it in a jar, D, and a boiling 
tube, T. Mount the critical temperature tube A B in a 
cork with the open end 
upwards, and place it in 
T. The tube is thus 
placed in a region of tem- 
perature about — 15® C., 
and since sulphur dioxide 
liquefies at — 10® C. under 
a pressure of one atmo- 
sphere it may be collected 
in the tube. 

Mount the bottle of 
liquid sulphur dioxide on 
blocks so that when the 
capillary jet is inserted 
in A B it just reaches to 
the bottom of the tube. 

Turn the screw of the 
bottle just a little and Fig. 185. 

the gas distils over and 

collects in A B. Allow to pass for some time until all the 
air has been cleared out of A B and a sufficient quantity 
of liquid has been collected (just over half full is con- 
venient). Remove T from D, wipe A B in the neighbour- 
hood of the constriction, and se^ the tube by means of a 
small blowpipe flame. When the tube is cold it may be 
removed from the freezing mixture. 

It is convenient to make four or five s^h tubes of the 
same size, but containing different quantities of liquid. 
Hang the tubes side by side with a sensitive thermometer 
(reading to 160® C. or above) in a bath of glycerine. Heat 
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the glycerine, and vigorously stir it from time to time to keep 
its temperature uniform. Fix up a glass plate between the 
beaker and your face for safety in case a tube breaks. 

With a tube about half full of liquid the liquid slowly 
expands up to about 150° C., and then rapidly expands up 
to within J in. of the end of the tube. The meniscus then 
gets flat and suddenly disappears, the whole mass of the 
substance being now in a homogenous state. Read the 
temperature. Remove the flame from the beaker and stir 
well as the glycerine cools. The meniscus now suddenly 
appears much nearer the end of the tube, and with new 
tubes a little cloud seems to form in the tube both above 
and below the meniscus. The meniscus then sinks rapidly 
as cooling proceeds. With a tube only about one quarter 
full of liquid to start with the meniscus sinks as the 
temperature rises, and may reach the bottom of the tube 
and disappear by evaporation before the critical tempera- 
ture is reached. 

With tubes about three-fifths full of liquid to l>egin 
with the meniscus gradually rises up the tube, and the 
tube becomes full of liquid before the critical temperature 
is reached. 


The following is the record of experiments with a set of tubes ; 
the positions of the ineniECus were estimated by comparing them 
with efiuidistant pieces of cotton tied around the tube 


Tube. 

Proportion of Tube occupied 
by Liquid. 

OisApiHJarance of 
Meniscus. 

Rejimwarance of 
Meniscus. 

At 2( r »0. 

At WO. 

At 160® 0. 

Proportion 
of Tube 
occupied 
by Liquid. 

Tempera- 

ture. 

Tempera- 

ture. 

Proportion 
of Tulw 

(KJCUpitKi 

by Liquid. 

1 

•16 

•15 

•00 

_ 




2 

•27 

•30 

•20 

•04 

168-6 

167-7 

•04 

8 

•37 

•43 

•47 

•61 

166-8 

166-8 

•48 

4 

•43 

•61 

•68 

•76 

166-8 

156-7 

•76 

6 

•47 

*66 

•70 

•86 

1671 

1660 

•88 

6 

•69 

•68 

100 




— 


Mean value of critical temperature ... 156*8 
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259. Boyle's law. The experiments of Regnault, 
Natterer, and Amagat. In 1827 Bespretz made experi- 
ments in which he found that most gases more or less 
disobeyed Boyle’s law, but the first accurate experiments 
were made by Eegnault. In testing the truth of Boyle’s 
law the interest and importance of the experiments de- 
pend upon the accurate measurement of the small devia- 
tions from the law which are exhibited by ordinary gases, 
hence very accurate measurements are required, and the 
ordinary method of experiment fails in that when the 
pressure is very great the volume of the gas is very small, 
and difficulty is experienced in measuring it accurately. 

In Eegnault’s apparatus for testing Boyle’s law mercury 
was forced in at the bottom of the U tube, and the upper 
end of the short limb containing the gas under experi- 
ment could be connected with or cut off at pleasure from 
a reservoir of the compressed gas. The short limb was 
divided into two equal volumes, and the first experiment 
consisted in beginning with the gas at one atmosphere 
pressure, and then increasing the pressure till the volume 
was halved. If it required exactly two atmospheres to 
halve the volume Boyle’s law was true within these limits 
of pressure. 

Gas was then allowed to enter the short limb from the 
reservoir until the original volume was attained and the 
experiment was repeated, except that the lower pressure 
was now about two atmospheres and the higher pressure 
about four atmospheres. In this way the law was tested 
by successive steps, in each of which the lower pressure 
was about equal to the higher pressure in the last. In all 
cases the volume occupied by the gas operated upon was 
the same initially. 

The total length of Eegnault’s column of mercury at 
the highest pressure was 80 feet, the lower 40 feet being 
inside a tower, the remainder supported by a scaffold. 
The height of the mercury column was measured by a 
kathetometer carried up and down on a lift, but outside 
the tower the tubes were graduated in millimetres and the 
readings directly measured. Allowances were made for 
temperature variations, compression of the mercury under 
H.T.P. 27 
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its own pressure, and expansion of the glass tube by the 
internal pressure. 

Eeguault found that no gas obeyed Boyle’s law exactly, 
though in the case of what were then called permanent 
gases, i.e, gases not liquefiable by methods then available, 
the departure from Boyle’s law’ was very small. In the 
case of the mom easily liquefiable gases such as car- 
bonic acid the deviation is very considemble. In most 
cases the product PV became smaller and smaller as P 
increased. The only exception to this law found by 
Eegnault was hydrogen, though this result must be 
modified in the light of later experiments. 

The following table shows some of Eegnault’s results : — 


Volume, 

Air. 

Carbonic Acid. 

Hydrogen. 

PV. 

PV. 

PV. 

1 

1 

1 

1 

1 

0-9989 

0’9914 

1-0006 


0-9969 

0-9743 

1-0017 

A 

0-9932 

0-9399 

r(X)42 

iV 

0-9878 

0-8704 

1-0101 


The meaning of the decrease of P V in the case of air 
and carbonic acid is that the gas is more compressible 
than Boyle’s law allows; the increase in the case of 
hydrogen shows that hydrogen is less compressible. 

The next set of experiments were made by Natterer 
during his researches on the liquefaction of oxygen, 
hydrogen, and air. Natterer found that for oxygen and 
air the decrease in the value of P V with increase of 
pressure did not go on indefinitely, but attained a mini- 
mum for a certain pressure, and beyond this limit the 
value of P V increased with increase of pressure, as in the 
case of hydrogen. 

In 1870 Amagat commenced a thorough investigation of 
the question. He used a long steel tube to contain the 
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mercury column, and placed it down the shaft of a mine a 
thousand feet deep. Pressures up to 400 atmospheres were 
attained. The results of his experiments show clearly that 
for all gases the value of P V first decreases with P, attains 
a minimum, and then increases as P increases. In the case 
of any given gas the fall of P V to a minimum, and the sub- 
sequent rise, is more marked the nearer the temperature of 
the gas is to its critical temperature ; and it is probable 
that at temperatures sufficiently high above the critical 
temperature the value of PV would show only an increase 
with pressure. 

The case of hydrogen illustrates this. At ordinary tem- 
peratures hydrogen is further removed from its critical 
temperature than any other gas except helium ; and, as far 
as experiments go, the value of PV increases with the 
pressure. If in the case of hydrogen at ordinary tempera- 
tures the value of PV does pass through a minimum, the 
range of pressure through which P V decreases is very short, 
and the minimum is attained at a very low pressure. No 
trustworthy observations have yet b^n made as to the 
deviations of hydrogen from Boyle’s law at very low pres- 
sure. * 

If, however, experiments were made with hydrogen at 
very low temperatures it would probably be found to behave 
exactly like other gases, and the fall to the minimum, and 
subsequent rise of P V, would be more and more marked 
the lower the temperature. 

Amagat’s results are best indicated by curves showing for 
different gases how P V varies with pressure. 

If abscissae represent pressure, and ordinates the cor- 
responding values of PV, then, in the case of a gas which 
strictly conformed to Boyle’s law, the curve showing the 
relation between P V and P would be a straight line parallel 
to the axis of pressures. 

Pigs. 186, 187, and 188 show clearly, for hydrogen, 
nitrogen, and carbon dioxide, the nature of the deviations 
from Boyle’s law. In the case of carbon dioxide the effect 

* Rayleigh has, however, shown that oxygen and some other gases 
obey ]^yle\ law aoourately for low pressures of the order of a 
millimetre of meroury. 
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Fig. 186. 

Modified Isothernmls for Hydrogen (Amagat). 


Fig. 187. 

Modified Isothennali for Nitrogen (Amagat). 
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of proximity to the critical temperature is clearly brought 
out. For hydrogen it will be seen that the minimum, if it 



Fig. isa 

Modified Isothermals for Carbon Dioxide (Amagat). 

occurs at ordinary temperatures, must be looked for at very 
low pressures. 
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260. Correction to the aimple gaseous law P V = RT. 
Van der Waals formed a theoretical equation for the rela- 
tion between the pressure volume and temperature of unit 
mass of gas, taking into account the size of the molecules 
of the gas and the forces in play between them. He thus 
obtained a relation closely akin to that used for perfect gas, 
e.g. P V = R T, only the effect of the attraction l^tween the 
molecules was to add a term to P, the form of which he 


took to be whore a is a constant depending oh the 

nature of the substance. In the same way the effect of the 
size of the molecules was to make it necessary to decrease 
V by a quantity b, which was also constant for the same gas. 
llis modified equation is 




This equation can be made to suit all gases better than 
Boyle’s law, but even now the agreement is not absolute. 


261. Adiabatics. An adiabatic is a curve showing the 
relation between the pressure and volume of a substance 
under the condition that there is no transfer of heat between 
the substance and any external body during any changes to 
which it may be subjected; that is, during an adiabatic 
change no heat passes directly into or out of the substance. 

But if, during tlie change, work is done on the substance, 
say, by compressing it, then some or all of that work may 
be converted into heat which enters the substance—or, if 
work is done hy the substance, say, in allowing it to expand 
against external pressure, then the substance loses heat 
equal to or less than the heat equivalent of the work done. 
Hence, adiabatically, a substance can nse in temperature 
only when work is done on it, and fall m temperature only 
when external work is done hy it. 

The amount of heat gained or lost in this way depends 
upon the changes that take place in the internal energy of 
the substance ^ for example, if during a change in which 
work is done on the substance the internal or molecular 
potential energy of the substance increases, then only a 
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small quantity of energy, equivalent to the difference 
between the work done on the substance and the gain in 
potential energy, is converted into heat which raises the 
temperature. 

We can readily show in a general way that an adiabatic 
for any substance must be “ steeper ” than an isothermal 
for the same substance. In Fig. 189 let A B represent an 
isothermal for a given substance, — say, air. Then if the 
air is compressed isothermally from the state indicated by 



c to that indicated by A, the pressure increases from that 
indicated by w c to that indicated by I A. But if, starting 
from the same point, c, the substance is compressed adia- 
hatically, then the work done during the compression is, in 
the case of air, practically all converted into heat which 
is developed in the substance ; this heat causes a rise of 
temperature, and consequently for any given volume during 
the compression the corresponding pressure is greater than 
during the isothermal compression ; that is, the adiabatic 
curve, ca, runs from e above cA, the isothermal curve. 

Thus, if the same amount of compression is effected in 
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both cases, the pressure increases from the value indicated 
by m c to that indicated by Z A in the isothermal change, 
and to that indicated by Z a in the adiabatic change. 

Similarly, if the air expands adiabatically from <;, the 
work done during expansion will cause an abstraction of 
heat from the air j this will cause a fall of temperature, 
and consequently for any given volume during expansion 
the corresponding pressure will be less than during isother- 
mal expansion ; that is, the adiabatic curve, c b, lies l)elow 
the isothermal curve, c B. Hence we see that the adiabatic 
curve, a b, is steeper than the isothermal, A B. 

The divergence between the two curves evidently depends 
on the energy which appears or disappears as heat during 
the adiabatic change ; in the case of a substance (if one 
could exist)* in which all the work done on or by tlie 
substance during an adiabatic change is converted, not 
into heat, but into internal energy, then the cause of the 
diver^nce of the two curves woidd disappear. 

Adiabatic curves are often called isentropics, i.e. curves 
of constant entropy. It is not necessary at this stage to 
enquire further into the meaning of this new term. 

262. Elasticity. Elasticity is a general name given to 
that property of a body in virtue of which it resists, and 
recovers from change of shape or volume. All substances 
resist changes in volume, and so we have what is called 
volvme elasticity y but it is only solids that have elasticity of 
shape-, no fluid — liquid or gas — can offer a permanent 
resistance to change of shape. 

Volume elasticity is defined as the ratio of the magnitude 
of the dress producing any volume strain to the magnitude 
of the strain produced, both stress and strain being very 
small. 

The stress is the change of pressure applied to the fluid, 
and the strain is measured by the ratio of the change of 
volume to the initial volume, that is, by the change of 
volume per unit initial volume. 

Thus, if the initial pressure and volume of a fluid are 


* Fraotioally ail liquids have this property. 
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P and V, and if when the pressure is increased to P + p 
the volume changes to V — t;, both p and v being small, 

the stress is measured by p and the strain by and there- 
fore E the modulus of volume elasticity is given by 


The volumes V and v are necessarily in the same units, 
and therefore E is measured in the same unit as p. Thus 
if p is given in dynes per sq. cm. E is also expressed in 
dynes per sq. cm. 


Example. An application of 100 atmospheres to a litre of water 
lessens the volume by 5 c.o. Find the volume elasticity of water. 
In this case although p is not small v is, and the above formula 

holds. ThenB = =* 2 x 10* atmospheres. 

5 


263. The isothermal and adiabatic elasticities of a gas. 
Now for any substance the strain may be considered to 
take place (1) at constant temperature, that is, under iso- 
thermal conditions, or (2) it may take place without loss 
or gain of heat to the substance, that is, under adiabatic 
conditions. Hence, according to the conditions, the 
modulus of volume elasticity may be the modulus of iso- 
thermal or adiabatic elasticity. 

Prom what has been said in Art. 262 it follows that in 
the case of a gas the modulus of adiabatic elasticity must 
be the greater of the two, for when the gas is compessed, 
that is, stmined, under adiabatic conditions, the heating 
resulting from the compression tends, by causing expan- 
sion, to resist the compression, that is, the same stress will 
produce a smaller strain than is produced under isothermal 
conditions, and therefore the modulus of adiabatic elas- 
ticity is greater than the modulus of isothermal elasticity. 

I. The isothermal elasticity. To determine the value 
of the modulus of isothermal elasticity of gas, let P and V 
denote the pressure and volume of gas at a given tempera- 
ture, and let P and V be changed at comtant temperature 
to P -f p and V — V, where p and v are very small. 
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Then, if ou|' gas is “ perfect,” we get by Boyle’s law, 
PV = (l> + p) (V-v), 


that is 
or 


PV = PV-f />V-Pv-pt; 
pV - Pv-pv = 0. 


And, as p and v are small quantities in comparison with 
P and V, this jtJ V is practically negligible, and the eqixation 
re<liices to 

pV - Ptj = 0, 

from which we get 

= P. 

V 


That is, the modulus of isothermal (volume) elasticity of a 
perfect gas is measured by its pressure P. 



This may be illustrated graphically. Let X Y (Fig. 190) 
be an isothermal curve, the scales of pr688ure and volume 
starting at zero, and supposing that the initial state of a 
gas is A, let the pressure slowly* increase till the state of 
the gas is represented by B. 

* We say slowlp l)eoa«se any heat developed by the compression 
must be allowed to escape so that the temperature of the gas remains 
constant. 
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Join A B and produce it to cut tlie axis of pressure 
in G. Draw A P and A D prpendicular to the axes of 
pressure and volume respectively, also BC perpendicular 
to A P. Then with the notation above, we have for the 
change represented by A B 


and 


p = BC, v-AC and V = OD, 

= ton /. bag 

V AC 

V^ = ytanzBAO=FQ. 


That is, the isothermal elasticity is represented by P G. 

In the limit when the pressure and volume changes are 
very small A G is the tangent to the curve at A, and since 
the isothermal curve of a gas obeying 'Boyle’s Law is a 
rectangular hyperbola we know that P G = 0 P, i.e, the 
isothermal elasticity is equal to the pressure. 

II. The adiabatic elasticity. The value of the adia- 
batic elasticity of a gas is not so readily obtained from 
first principles, but it may be obtained by the following 
direct and rather instructive method : — 

Take unit mass of gas, and let P and V denote the initial 
pressui*e and volume of the gas at a temperature T. Now 
let the pressure and volume be changed isothermally to P-f j) 
and Y — V, where p and v are very small. The work done 

on the gas during the change is given by P v, and the heat 

•p 

equivalent of this is If now, the pressure remaining 
constant at (P -f-jp), this heat is given to the gas the rise 
of temperature will be ~= — , where Sp is the specific heat 

V 8p 

at constant pressure. The rise of temperature produces 
Tv Y V . 

an increase of volume for is the expansion 

J Sp X i 

per degree change of temperature at absolute temperature 
V. The resultant change of volume is therefore 
PV „ 



428 


IS0THBEMA.L8 AND ADIABATIO 8 . 


that is V - ~ V or V, 

Sp 8p 

P V 

for j,|, = «j. “ «• (Art. 245). 


If the ratio of the specific heats ^ is denoted, as is usual, 

8v 

by y, then the resultant change of volume is The 
final pressure and volume of the gas are therefore given 
by P -b p and V — — and the change of condition pro- 
duced is such as would result from a change of pressure 
from P to P 4" p under adiabatic conditions, for the heat 
given out during the isothermal change is supposed to l)e 
all given back at constant pressure, and therefore during 
the total change there is no loss or gain of heat to the 
substance. 

Therefore the adiabatic elasticity 


1/y 


T> 

' 7-- = yP> 


for it was shown above that is equal to P, the iso- 


thermal elasticity. 

Hence in a perfect gas the adiabatic elasticity is y times 
the isothermal elasticity, or in other words 


SpeciHc heat of a gas at constant pressure ^ Adialjatio elasticity 
Speciho heat of a gas at constant volume Isothermal elasTiciby’ 


We have proved the relation for a gas. It is proved in 
higher treatises that it is universally true. 

This proof may also be graphically illustrated. Tiet E S, 
TU (Fig. 191) be two isotherraals at temjieratures f,. 
Take a point A on T U, draw a line A B parallel to the 
pressure-axis to cut E S in B. Through B draw a line B C 
parallel to the volume-axis to cut T U in C. Through A 
draw an adiabatic cutting BC in B. Suppose that the 
isothermal VW through B has a temperature fj. Now 
when a gas changes its state from A to B it gains no heat. 
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This is independent of the path by which it travels from 
A to D. Hence, if we suppose that A B, B D is the path 
taken, it follows that the heat gained along A B is equal 
to the heat lost along B D, 

*•6* ■” ^3) (1) 



Fig, 191. 


Again, when a gas is heated at constant pressure the 
change of volume is proportional to the change of tem- 
perature. 


DB h-h 
CB~ h-t 


From (1) and (2) 


fs. _ ^ ® 
“ D B 


(3) 


Now CB is the change of volume under isothermal 
conditions for a change of pressure A B, and D B is the 
change of volume under adiabatic conditions for the same 
change of pressure. 

Therefore 


Adiab^elastidtj ^ ^ ,3^ 

isothermal elastioity B B 
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264. Deduction of the equation of an adiabatic curve 
for a gas. It has been shown above that if v is the change 
of volume corresponding to a change of pressure P under 
isothermal conditions, then the change of volume for the 
same change of pressure under adiabatic conditions is 

given by — , where y is the ratio of the specific heats. Or 

if V denote the change of volume under adiabatic con- 
ditions, y t; is the change of volume under isothermal 
conditions. 

This result may be applied to establish the adiabatic 
relation between the pressure and volume of a gas. Let 
the pressure and volume of a gas be changed adiabatically 
from P V, to P + 1 ? and V — v where p and v are very 
small. Then if the change from P to P p had taken 
place isothermally the volume would have been V — y v. 
Hence by Boyle’s Law 

PV = {P+p)(V-yv), 

» ‘-(■* 1 ) ('->;)• 

Since p and v are assumed very small this relation is 
equivalent to 

or PV*^ = (P+j£))(V~ 

indicating that under adiabatic conditions PV^ = a 
constant. 

In the case of a perfect gas we have seen that the 
isothermal curve is defined, for any temperature, by the 
relation PV = RT. In the same way the adiabatic 

curve is defined by P = a constant^ where 7 is the ratio 

of the s^ific heats. 

For air y =: 1404, so that the equation of an adiabatic 
for air is 


a constant. 
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The curve B F of Fig. 192 shows the adiabatic for which 

= 1 . 


AIR. 



With it is shown for comparison the isothermal for which 
P V — 1, already plotted in Fig. 178. 

265. Calculation of the value of y from the velocity 
of sound. The compressions and rarefactions which con- 
stitute a sound wave take place under adiabatic conditions, 
for the changes of density tak^ place with great rapidity. 

Hence in the formula V = velocity 

of sound waves in a medium of density D, E denotes the 
modulus of adiabatic elasticity. 

In the case of a perfect, or nearly perfect, gas like air 
B is equal to y P (Art. 263), where P is the pressure of 

* See Catchpool and Satterly : Text-Book of Sound, Art. 86. 
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the gas and y the ratio of the two specific heats, hence 
, and if V, P, D are known 7 may be calcu- 
lated. 

Example. The velocity of sound in air at 0“ C. is 33200 oni. per 
see. When the pressure at O'* C. is 76 cm. of mercury the density 
of air is 001293 gm. per 0 . 0 . Find 7 . 

In C.G IS. units P = 76 X 13*6 x 981 dynes per sq. cm. 

,*.8ineeV = V7 7-^ 

V Td, 7- p 

. ^ _ 33200^ X -001293 

• * 76 X 13-6 X 981 

= 1-404. 

266. Experimental determination of y. 

(1) Method of Clement and Desormes. Clement and 
Desormes devised a simple method for the determination 
of the ratio of the specific heats of a gas. The gas is 
enclosed in a vessel of badly conducting material at a pres- 
sure slightly higher or lower than the external (atmo- 
spheric) pressure. The vessel is fitted with a stopcock or 
its equivalent, giving good communication with the outer 
air, so that on opening the stopcock the gas in the vessel 
undergoes a sudden change of volume, which under the 
conditions is approximately adiabatic. If the variations in 
the pressure and volume, p and v, can be found, then from 
the equation 

p v'l' =* a oonstaut 
the value of y can be found. 

Let PivT denote the pressure, volume, and absolute 
temperature of the gas in the vessel, and let p^ be greater 
than p the atmospheric pressure. On establishing com- 
munication for an instant between the interior of the 
vessel and the atmosphere, the internal pressure falls to 
p and a portion of the gas occupying a volume v^ of the 
vessel suSdeidy expands and, expelling the remainder of 
the gas, fills the vessel and so acquires a volume v. The 
expansion is approximately adiabatic, and the temperature 
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falls to Tj. The adiabatic curve AB of Fig. 192 repre- 
sents this expansion. We have thus changed from the 
initial state given by T 
to the state p v Tj, and of 
these p^pvT are known, but 
v^ and Ti cannot be directly 
measured. Connecting these 
two states we have our adia- ® I 

batic equation 3 I ' 

P\V^ =pv’ (1) « I 1 / 


If now the gas is allowed •• 1 

to remain in the vessel until ^ | 

its temperature rises to T I ( 

(the initial temperature) the I I 

pressure will increase from I I 

p to Pj. The final state of Volume 

the gas is given by p, v T, and 
is indicated by the point C *g- ••• 

in Fig. 193, the change from 

B to C being practically at constant volume, and C being 
on the same isothermal as A, for the final temperature 
is the same as the initial temperature. Then, since the 
gas is initially and finally at the same temperature T, we 
have by Boyle's law 

( 2 ) 

From equation (1) we get 

?■(.:)’ « 

and from equation (2) we get 


Therefore from (3) and (4) we have 


P \pJ 


H. T. p. 


log P, - log 2? =* 7 (log p, - log Pa), 


28 
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or 


^ ^ jog ~ ;og ^. 

log Pi- log p, 


If Pj, Pj, p are very nearly equal this equation reduces to 

y » approximately. 

Pi -Pi 


A similar formula can be deduced if the initial pressure 
is less than the atmospheric pressure. 

The value of T does not enter into the final equations, 
but it may readily be obtained if required, for since the 
change from B to C occurs at constant volume 

p t; 


Exp. 181. Perform Clement and JDeBormes' 63’pmwen<, 
using air, and thus find the ratio of the specific heals of air. 

Obtain a large bottle A (Fig. 194) provided with a wide 
opening at the top and two side tubes. One of these tubes 



should be provided with a well-fitting tap T, the other is 
connected by thick rubber tubing li to a manometer M. 
The opening at the top should have a good flanged surface, 
and both this surface and a glass plate G, which is used 



ISOTHEEMALS AND ADIABATICS. 435 

to close the opening, should be ground flat and lightly 
vaselined to make the connection airtight. A should be 
packed in a box with cotton- wool to keep it away from air 
draughts. 

The liquid in the manometer should have a very small 
density and very little vapour density ; oil, glycerine, and 
sulphuric acid are convenient ; the last has the advantage 
that it keeps the air in A dry. Mercury is not suitable, 
as owing to its density the levels in the two sides of the 
manometer would not differ much for slight changes of 
pressure ; and water is unsuitable because it charges the 
air in A with water vapour ; it may, however, be used if 
great accuracy is not required. 

G being well fitted to A, the air in A is compressed or 
exhausted by means of a pump attached to the side tube T 
until tlie manometer reading is considerable. T is then 
turned off. The air is then allowed to stand for a time 
(5 or 6 minutes) in order to attain the constant tempera- 
ture of the walls of the bottle. When the reading of 
the manometer is stationary G is removed for about a 
second, air rushes out or in, as the case may be, and the 
pressure becomes atmospheric. G is then quickly re- 
placed. After five minutes or so the air has again taken 
the temperature of the vessel and the final pressure may 
be read. 

It is important that the temperature of the bottle should 
remain constant during the experiment, and the gas should 
remain long enough in its initial and final states to take 
the temperature of the room. 

The calculations are performed as in the following 
example. 

Example. With a Clement and Desormes’ apparatus, using a 
water manometer, the initial and final pressures wore gieater tJuin 
the atmospheric pressure by 40 and 11 cm. respectively. The 
height of the barometer was 756 mm. 

Then p == 756 x 13’6 =* 1028 mm. of water, 
p,« 1028 + 40 = 1068 „ 

Pa = 1028 + 11 = 1039 „ 

_ log 1068 - log 1028 _ *0286 - -OllO _ 107 _ i.oo 
” log 1068 - log 1039 -02^ - -0165 ” 121 
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If wo use the approximate formula we need not Oeterhiine tli 6 
atmospheric pressure, for if dj is the difference of the heights of the 
manometer at the beginning of the experiment, andd 2 f'h 6 difference 
at the end, 

Pi- Py d.i=p.i- p, 
di - da =^Pi- P2 


and 


7 = 


d j ~ da 


so that it is not necessary to determine p, p,, pa absolutely. 
Using this formula with the above data wo got 


^ 40 
40-11 29 


1*38. 


Example. With a Clement and Desormes’ a])p vratus and a water 
manometer p = 1027 mm. of water, and p, Pa were le.s 8 than p by 
41 and 12 mm. respectively. Find y. 

If the original pressure p, was less than p the atmospheric pres- 
sure, then at the adiabatic clrange air rushe .9 into the vessel, %.e. a 
volume of air o(pial to v the volume of the bottle at temperature 
T becomes a less volume v^. The temperature now is T,, which is 
greater than T. After waiting a while the temperature falls to T 
and the pressure falls to pj. 

For the adiabatic change we have 

7 7 

Pi v ' = pvi . 


For the isothermal change, which includes the adiabatic change 
and the subsequent fall of temperature at constant volume, we 
have 

PiV -p2t;„ 


whence 


iogp 2 - log Pi ’ 


an onuation similar to the one obtained above. 

8 ub.stituting in this equation the data given above we get 

_ log 1027 - log 0.86 _ 3-01(5 - 2 0049 
log 1016 - log 086 3 -00(}4 - 2 '0940 

176 
125 ■ 


■ 1 ' 41 . 


The approximate formula 

.. - P - Pi 


Pi - Pi 


gives 7 ■ 


41 . 
29' 


1-41. 
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(2) Method of Jamin and Richards. There are several 
objections to the method of Clement and Desormes. It 
is hard to close the month of the bottle at the earliest 
instant that the internal pressure is equal to atmospheric, 
and yet the time that elapses must be kept as short as 
possible or the change will not be adiabatic. Matters are 
also complicated by an oscillation of the air through the 
opening. Also dry air should be used, as. the presence of 
water vapour gives a low result. 

The ratio of the two specific heats of a gas has also been 
determined by a more direct method due to MM. Jamin 
and Richards. A gas thermometer is constructed with the 
gas as working substance, and by passing an electric 
current through a spiral of platinum wire fused into the 
bulb, a known quantity of heat can be supplied to the 
gas at constant pressure or at constant volume and the 
rise of temperature inferred from the observed change of 
pressure or volume. If the same quantity of heat is 
supplied at constant pressure and at constant volume, 
and if 6p and 6v denote the corresponding rises of tem- 
perature, then we have 

8pe^ = = 

The rises of temperature 9p and 6v are obtained by the 
usual gas thermometer method, that is Ov = - f - , where p is 

the observed change of pressure when the volume is kept 
constant, Po the pressure of the gas at 0°C., and a the 
coefficient of increase of pressure with temperature at con- 
stant volume, and Bp = where v is the observed chavge 

of volume when the pressure is kept constant, Vo the volume 
of the gas at 0°C., and /3 the coefficient of expansion of the 
gas at constant pressure. Hence we get 

Y ^ 

0p w 1*0 a V l\ 

vhen, as for permanent ” gases like air, etc., a = 
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267. Eelations betwewi Pressure, Volume, and Tem- 
perature in an Adiabatic change. The equation P V = 
a constant enables us to calculate pressures and volume 
in an adiabatic change. To get the temperatures the uni- 
versally true relation ^ = a constant must be employed 

in conjunction with P V'^ = a constant. 

Combining these two relations and eliminating V 

( T\7 /pN^-l 

T / ~ vP / * ^ relation between pressure 

and temperature in an adiabatic change. If instead of eli- 
minating V we eliminate P we get T,V, y ~ ^ =z T^V, > ~ a 
relation between volume and temperature in an adiabatic 
change. 


Example. AB (Figs. 178, 192) is an isothermal of air at O'’ C. 
What is the temperature of the isothermal through F, a point on the 
adiabatic F B (Pressure at F = 10 atmospheres) ? 

(1) Using the equation ^ \ we get 



•404. 


Taking logs. Log T, - log 273 + « 2*436 + ’288 = 2*724, 

whence Ta = SSO'’ A., or the temperature = 25T C. 

(2) Using the equation TiV,^ ^ = T^Va^ "* and substitut- 
ing the values of Vj, Vj, from the table of Fig. 178, we get 

273 X 1*^ « Tj X *194’^, 


whence log. 273 « log. Tj -f *404 log. *194 = log. T, ~ *288, 
or log. Ta * log. 273 + *288, whence as before. 

From these figures we see that if a quantity of air originally at 
0°C. end atmospheric pressure has its pressure suddenly in- 
creased to 10 atmospheres the temperature nsos to 257° C. 


If a quantity of air is carried upwards by atmospheric 
disturbances, its pressure is diminished; and the above 
formulae show that its temperature must also fall even if 
tto heat transference takes place with other air. If, for 
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4^9 


instance, it rises 100 metres its pressure falls by about 
1/80 of an atmosphere, and its absolute temperature is 
multiplied by about (1 — l/BO)^ = 1 •— y/SO = 1 — l‘4/80. 
That is, the fall of temperature per 100 metres ascent is 
roughly 1*4 X 273/80 = f 8'^C. ^ 

The atmosphere is subject to incessant mixing by winds, 
and the effect of conduction is comparatively negligible. 
Convection does not equalise temperatures because the 
warmer lower strata are at a greater pressure, and there- 
fore denser, than the colder ones above ; and if they were 
made to rise they would become as cold. 


268. The relation between the ratio of the speoiflo heats of a gas 
and the structure of the gas. 

The following are the approximate determined values of 7 ; 


Air, hydrogen, oxygen, nitrogen r41 

Carbon dioxide, steam 1*26 

Argon, helium, mercury vapour 1*67 

It may be shown by the Kinetic Theory of Gases that the value 
of 7 depends on the relative values of the whole molecular energy 
of the molecules of a gas and the energy of translation of the mole- 
cules and that 7 is given approximately by 




3 

n 


energy of translation of the molecules 
total energy ’ 


where n is called the number of degrees of freedom of the molecule. 
From this equation 


Ifn=3 7 = 1 ’67; ifn = 6 7 = 140; ifn = 8 7 = 
bera possessed by some of the gases enumerated above. 


1 *25 ; num- 


269. Work done by a gas during expansion. Indicator 
diagrams. When a gas expands at constant pressure the 
work done hy the gas is equal to the product of the pres- 
sure and the increase of volume. When a gas contracts at 
constant pressure the work done on the gas is equal to the 
product of the pressure and the decrease of volume 
(Art. 230). 

In Figs. 195-198 let volumes be represented by abscissae 
and pressures by ordinates. Let P (Fig. 195) represent 
the initial state of the gas and Q the final state of me gas, 
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the pressure being kept constant. Then the work done hy 
the gas = Pp X = area P Q g p. If Q were the initial 
state and P the final state, then the work done on the gas 
= area P Q j p. 


Vi 



OP q 

Volume. 


Fig. 195. 



Fig. 190. 


Suppose now the change from P to Q bikes place at 
varying pressures, as illustrated by the sloping line P Q of 
Fig. 196. Then the whole area P Q ^ p_ may be divided into 
small elements by lines parallel to the axis of pressure. The 



work done in the change from P to a near point E is inter- 
mediate between the rectangular areas P a rp and 6 Rrp, 
and approximates, when p r is indefinitely small, to the area 
P E rp. Similarly for the other elements. The total work 
done during expansion from the state P to the state Q is 
therefore represented by the area PQjpt i<e. the area 
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enclosed by the ordinates Vp,Qq, the curve P Q, and the 
axis of volume. This is true whatever may be the nature 
of the path P Q. 

Suppose now that the gas is taken through a complete 
cycle of change of pressure and volume as shown by the 
closed curve P E Q S of Fig. 197. 

If the cycle is traversed clockwise the work done by the 
gas in going from P to Q along the curve P E Q is given 
by the area P E and the work done on the gas in going 
from Q back to P along the curve Q S P is given by the area 
Q SVpq. Therefore in the complete cycle the work done 
by the gas = area P E Q — area Q S Tpq = area P K Q S. 
If tlie cycle is traversed anti-clockwise the work done on the 
gas is given by the area P E Q S. 

Diagrams such as the above are called indicator dia- 
grams. The most important indicator diagram is that ob- 
tained from the steam engine. A little cylinder opening 
out of the main cylinder contains a small piston which actu- 
ates a pencil which traces a curve on a drum which rotates 
forwards and backwards perpendicularly to the movement 
of the pencil as the main piston performs its outward and 
backward strokes. The small piston presses against a 
powerful spring so that its displacement is proportional 
to the pressure of the steam in the main cylinder. 

Fig. 198 sliows the form of the curve usually obtained. 
S indicates the point when steam is first admitted to the 
cylinder ; the main piston is still moving backwards. The 
pressure quickly rises to that shown by P. As steam is 
gradually admitted the main piston moves out with a 
constant pressure behind it. E indicates the point when 
the steam is cut off, and along E Q the piston is moving 
out with a gradually decreasing force behind it as the 
pressure of the steam decreases on expansion. At Q the 
exhaust is open and the piston moves back against the 
atmospheric pressure until it reaches the point represented 
by S, when steam is again admitted. 

The area P E Q S is a measure of the amount of work 
done by the steam on the piston per sti^ike, and may be 
expressed in energy units if the scales of pressure aftd 
volmne are knowu. 
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If the indicator diagram is plotted on squared paper the 
areas may be estimated by counting squares or by one of 
the many other processes available. In workshop practice 
a planimeter is used. 

In any case, for a change such as is shown in Fig. 196 
the work done by the gas is equal to the average pressure 
multiplied by the increase of volume, and when the in- 
crease of volume is very small the average pressure is 
practically the mean of the initial and final pressures. 

Again, if in a small change the volume remains approxi- 
mately constant the work done is equal to the volume 
multiplied by the change of pressure. 

By a simple application of the calculus it may be 
proved that the wort done on a perfect gas during an iso- 
thermal change is PiV^ log« Sfor P,V, log* ^Yanddur- 

ing an adiabatic change ^ ^ — PaVj). In both 

cases Pp Vj apply to the initial state and Pj, Vj to the final 
state. 


270. Expenditure of the Latent Heat of Vaporisation on 
internal and external work. During the change of state 
from liquid to vapour there is a large increase of volume, 
and therefore when a liquid boils the vapour has to push 
back the atmosphere and so do work. The question 
arises. How much of the “latent” heat of vaporisation 
is given to increasing the molecular energy of the sub- 
stance and how much is spent as work in forcing back the 
atmosphere ? 

Take the case of water. One gramme of water at 100° C. 
occupies a volume of r043 c.c., and one volume of steam 
occupies at 100° C. and normal atmospheric pressure 
(76 cm. of mercury) a volume of 1672 5 c.c. Imagine, 
then, a long vertical cylinder of unit cross section pro- 
vided with a weightless piston and suppose that the piston 
just encloses 1 gm. of water in the cylinder. Let us re- 
place the atmospheric pressure by a weight placed on the 
piston. It will then be easier to see what work is done 
when the water turns into steam. The normal atmospheric 
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pressure being that of 76 cm. of mercury the load of the 
piston should be 76 x 13*396 or 1033 gm. 

When the water at 100° C. turns into steam at 100° 0. 
the piston is forced up a distance of 1672*5 — 1*04 or ap- 
proximately 1671 cm. The work done on the piston is 
therefore 1033 x 1671 gm.-cm. 
or 1033 X 1671 x 981 ergs, 

, ,, , , 1033 X 1671 X 981 

and the heat equivalent of this is jl' q x lo ^ 

calories, which works out to be 40 calories. Therefore of 
the 540 calories which are required to turn 1 gm. of water 
at 100° C. into one gram of steam at 100° C., 40 calories 
are spent on external work and the balance of 500 on in- 
creasing the energy of the molecules. 

Other cases of vaporisation may be treated in the same 
way. Tlie simple case of gas expansion has been treated 
already in Arts. 244, 246. 


EXERCISES XVII. 

P V 

1. Describe experiments to show that in a perfect gas has a 

constant value. What data are required to determ ine this constant, 
supposing the gas to be air and its mass one gramme ? 

2. What is meant by the critical state of a gas ? Describe the 
apparatus you would use to observe this state ; and how you would 
measure (1) the critical pressure, (2) the critical temperature, (3) the 
critical volume. 

3. Explain the terms Isothermal, Adiabatic, Isopiestio, Isometric. 
Make a rough sketch of an isopiestio for water under normal con- 
ditions of pressure from - 10° 0. to 110° C. 

4. 100 o,c. of air at 0° 0. and 760 mm. is suddenly (».e. adiabati- 
cally) compressed to half its volume. Find the pressure exerted. 
The temperature of the gas is then reduced to 0° C. Find the pressure 
now which is necessary to keep the volume at 50 o.c. (7 = 1 *40.) 

5. A quantity of air at 0° C. and 1 atmosphere pressure is 
suddenly compressed to one-tenth its original volume. Find the 
momentary pressure and temperature at the end of the process. 

6. How is the work done by the steam in the cylinder of a steam 
engine measured 7 
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TIIEBMOMETBY AND PYROMETBY. 

271. Thermometry. It has already been explained that 
the scale of temperature given by a liquid-in-glass ther- 
mometer is an arbitrary one. Thus, if a number of 
thermometers are constructed in the same way, with the 
same glass and with perfect accuracy in the details of 
construction, but with different liquids, it will he found 
that they give different scales of temperature, so that if 
placed side by side in the same bath they will, in general, 
give different temperature readings. The question that 
arises out of this is not which thermometer is right, for 
each one is accurately constructed, but which liquid is to 
be taken as the standard thermometric substance. 

Similarly if a number of thermometers are constructed 
with the same liquid, but with different varieties of glass 
for bulb and stem, the readings for any given temperature 
will differ slightly on account of the different expansions of 
the glass thermometer tubes. For a standard thermometer 
it is necessary, therefore, to specify not only the standard 
thermometric substance, but also the standard glass to be 
used for the tube. 

The ultimate standard selected for expansion thermo- 
meters is the gas thermometer ; that is, the constant volume 
air, nitrogen, or hydrogen thermometer. In the case of a 
gas thermometer, the coefficient of expansion or of increase 
of pressure being large, the effect of the expansion of the 
glass bulb is of less relative importance than in a liquid 
thermometer ; but much has been done of late years tO 
444 
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provide a satisfactory standard glass. French standard 
glass and Jena glass are found to behave in a constant and 
regular manner under widely varying conditions of state 
and temperature. Their properties and constants have 
been carefully studied, so that either supplies a standard 
glass for which all the necessary constants are known.* 

Although the air thermometer is the ultimate standard 
it is much too troublesome for general use, even as a 
standard, so that the mercury-in-glass thermometer is the 
one generally used for ordinary ranges of temperature. 
A carefully-made mercury-in-glass thermometer may be 
compared directly with a standard air thermometer, and 
so become itself a standard from which other mercury 
thermometers may be ateindardised. 

The comparison of any mercury thermometer with a 
mercury standard is effected usually by putting them to- 
gether side by side in a bath. The temperature of the bath 
is then raised very slowly through the range of comparison. 
The comparison is made with a rising temperature because 
the uncertainties which attend the readings of a falling 
tliermometer due to the jerky and lagging motion of the 
thread are absent. 

It is obvious that comparison with a standard gas 
thermometer is a standardising operation which may be 
performed once for all, and may be made either with an 
arbitrarily selected mercury thermometer, or, if desired, 
with a thermometer constructed as a standard mercury-in- 
glass thermometer. Such comparisons are, in England, 
carried out at the National Physical Laboratory. 

In the accurate use of the mercury thermometer there 
are several sources of error which need correction. These 
have already been considered in Art. 22, and further con- 
sideration is not necessary at this stage. We may, however, 
remark that the accurate measurement of temperature with 
a mercurial thermometer is a very tedious operation, 

* Mercury thermometors are now being made in which fused 
quartz is substituted for glass. Fused quartz has a very small co- 
eiheient of expansion, so small indeed that a thick piece of it may 
be made red hot and dropped into water without cracking. These 
thermometers therefore possess notable advantages. 
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272. Pyrometry. Themeasurementof very high and very 
low temperatures has been attempted in very many ways, 
with various degrees of success. Kecent experiments, how- 
ever, go to show that by electrical pyromet^s it is possible 
to measure temperatures as high as 1500° 0. to 2000° C. 
with very high accuracy. 

(i) Calorimetrical methods. One of the oldest methods 
of measurement is indicated in Question 7 of Ex. VIII. 
A calorimetric method of this kind is essentially rough 
and inaccurate, but it is a convenient method of getting an 
approximate value of the temperature of a furnace. 

(ii) The air thermometer. The most reliable of the 
earlier pyrometers were modifications of the air ther- 
mometer. In Art. 73 it was ^plained that an air ther- 
mometer with a porcelain bulb forms a ' most reliable 
pyrometer j but, although the air-thermometer method is 
susceptible of very great accuracy, the experimental work 
necessary to obtain very accurate results is difficult and 
troublesome, so that, although valuable as a standard of 
reference, the air thermometer is not convenient for use 
when a number of individual accurate determinations have 
to be made. 

(iii) Gas weight thermometer method. Deville and 
Troost’ 8 pyrometer, described by them in 1860, was a simple 
air thermometer. It was made of porcelain, and was used 
to determine the temperature of a furnace in exactly the 
same way as the weight thermometer described in Art. 69 
might be supposed to be used to determine the temperature 
of the steam chamber, assuming the coefficient of expansion 
of air to be known. 

In methods of this kind, however, it is evident that the 
coefficient of expansion of porcelain must be known with 
some accuracy. The expansion of the bulb affects the 
accuracy of the indications both of constant pressure and 
constant volume air thermometers. 

(iv) Seger Cones. These are little cones made, of re- 
fractory mixtures of definite melting points. They are 
exposed on a plate to the heat of the furnace, when some 
of them will melt and others remain unaltered. After a 
sufficiently long .exposure the plate is withdrawn and the 
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cones examined, whence the temperature of the furnace 
may be deduced with some accuracy. The principle is the 
same as that of the meldometer (Art. 113). - 

(v) Vapour pressure thermometers. These have been 
described in Art. 133. The expansion of the bulb has no 
effect on the reading. The varying temperature of the 
liquid column is a ^sadvantage of this form of thermo- 
meter. 

(vi) Vapour density methods. Another convenient method 
of pyrometry suggested by Eegnault is by means of vapour 
density determinations. For example, suppose the density 
of iodine or mercury vapour is known over a range of tem- 
perature ; then let a small quantity of iodine, say, be placed 
in a porcelain bulb, or flask with a long fine stem, and let 
the bulb be put in the furnace, allowing the end of the stem 
to protrude slightly. The iodine is vaporised, and fills the 
bulb at the temperature of the furnace ; the end of the 
stem is then sealed off, and by suitable weighings the weight 
of iodine remaining in the bulb is determined. The volume 
of the bulb and the mass of vapour it contains being known, 
the density of the vapour, and therefore the temperature 
of the furnace, can be found. (See Art. 135.) 

(vii) Optical methods. When a body, say, an iron ball, 
is gradually heated in the dark the first light it gives out 
consists of dull red rays. With further rise of temperature 
the light changes to bright red. After that orange rays 
are added to the red rays, and as the heating further pro- 
ceeds there are added in succession green, blue, and violet 
rays. The body is now white hot, and further heating has 
no effect on the colour but only increases the brightness. 
It is thus possible to estimate the temperature of an 
incandescent body, the light of which is due to heat, by 
carefully noting its colour. The first colour, dull red, 
appears at about 626® C. As the body is still heated the 
colour turns to cherry at 800® C., and to a bright cherry 
at 1000° 0. Bright orange appears at 1200® C., white at 
1300° C., and dazzling white at 1600® C. and above. 

Intermediate temperatures may be read by means of an 
instrument based on the above scheme and call^ an Optiocd 
pyrometer. 
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(viii) Electrical pyrometry. There are two electrical 
methods by which both high and low temperatures may be 
measured very accurately. The first method is based on 
the measurement of the electrical resistance of metals, and 
the second on the measurement of the thermo-electric effects 
set up at the junctions of different metals. These two 
methods will be considered in detail in Arts. 273, 274. 

(ix) Eadiation p 3 rrometers. In this method measure- 
ments are made of the total radiation given out by the hot 
body, and the temperature of the body deduced by applica- 
tion of the known laws of radiation. (See Art. 275.) 

273. Electrical resistance thermometry. This method is 
based on the variation of the electrical resistance of pure 
metals — chiefly platinum — with temperature. Experiment 
shows that the resistance of a piece of pure annealed 
platinum wire, for example, varies with tlie temperature, 
and that, when proper precautions are taken, its resistance 
is always the same at the same temperature ; that is, the 
repeated heating and cooling of the wire causes no per- 
manent change of resistance. Hence, if the electrical 
resistance of the wire can be determined, its temperature 
will be known if the variation of resistance with temperature 
is definitely known. The measurement of the resistance 
presents no practical difficulty, for the accurate measure- 
ment of electrical resistance is easily and conveniently made. 
The law of variation of resistance with temperature has 
l^n the subject of research by Matthiessen, Siemens, etc., 
and more recently by Callendar and Griffiths. It is foimd 
that the formula 

Rt =» Rj) (1 -p •+• bl"), 

or even the simpler form 

R< = Kfi (1 ~l“ 

where Eq, R^, are the resistances of the wire at 0° 0. and 
f C. and a and b are constants, expresses the relation with 
fair accuracy. It will be noticed that the formula is similar 
in form to those used in problems on expansion with 
change of temperature, and a may be called the co-efficient 
of increase of resistance mth temperature. 
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The general method of construction of a platinum resist- 
ance thermometer is illustrated by Siemens’ pyrometer, 
shown in the accompanying figure (Fig. 199). This was 
one of the first forms of electrical pyrometers: its con- 
struction is defective in several points, but it was intended 
for commercial work rather than for accurate scientific 
work. 

The platinum wire, w, is wound on a cylinder of fire-clay, 
and its ends communicate by means of the copper or 
platinum leads, I, with the external binding screws at S. 
The leads are enclosed in an iron tube, i, projecting from 
the wall of the furnace or enclosure, whose temperature is 



I Natural Size. 
Fig. 199. 


to be measured ; and the wire is protected by a sheath of 
thin wrought iron, or platinum, p, fitted on to the “ lead ” 
tube, and exposed to the heat of the furnace or enclosure. 
To prevent shifting, and to secure insulation, the wire, 
wound on the fire-clay cylinder, is packed in its sheath 
with asbestos. The connections for measuring the resist- 
ance of the wire are made by means of the screws at S. 

The great defect of this form of instrument lies in the 
fact that the repeated heating and cooling of the platinum 
wire in contact with fire-clay, and in an iron enclosure, 
affect the purity and character of the platinum to such an 
extent that the resistance at a given tempeiuture varies 
considerably. 

More recent work shows that, in order to secure con- 
stancy in this respect, the wire must not only be pure 
platinum, but must be heated in a platinum or glazed 
porcelain tube (or for fairly low temperatures in hard glass 
or steel tubes), and that for insulation purposes nothing 
answers so well as mica. 


H. T. F. 


29 
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Fig. 200 shows a form of platinum thermometer made 
by the Cambridge Scientific Instru- 
^ ment Company for the measurement 

of temperature up to 500"^ C. (this is 
M O simplest form, the forms required 

(S)j^ for higher temperatures being modi- 
h ''^ fications of this). The thin platinum 

wire, called tlie “ bulb,” of the ther- 
mo meter is wound on a mica frame, 
and is contained in the lower 4 in. of 
a protecting steel tube 1 to 5 ft. long 
and 1 in. outside diameter. The plati- 
joined to copper leads, 
which are insulated by passing 
[ I through holes in discs of mica fitted 

' 4 into the steel tube. 

I The difficulty due to variation of the 

resistance of these leads is got over 
I ^ ^ by inserting a pair of duplicate leads 

I Th”iSho“’ joined at their lower end in the stem 
:i of the thermometer. The four copper 

! wires are joined at the top to the four 

330 to lUJ binding screws of the wooden head 

["] shown at the top of the figure. These 

H screws are then joined by flexible 

I copper leads to the Wheatstone 

Bridge employed for the measure- 
ment of the resistance of the plati- 
num wire. 

■A The arrangement of the bridge is 

shown in Fig. 201. P and Q are equal 
resistances. The bridge wire is XY, 

= t g«i left-hand part of this, together 

=1 with the platinum wire T of the ther- 

i mometer and its leads D, constitute 

)he third arm of the bridge ; 4nd the 
Fig. 20(X right-hand part of the wire, together 

with the duplicate leads D' and a re- 
sistance box R, constitute the fourth arm of the bridge. 
B is a battery, G a galvanometer, and J a jockey making 
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contact between X Y and a wire W Z permanently joined 
to Gt. If the balance occurs at 0, the middle point of 
X Y, then since P = Q 

T + D4-X0 = D'4-R + 0Y, 
and since I) = D' and X 0 = 0 Y, 

T = R. 

If balance occurs at a point S, say, to the right of 0, 

T + D -f XS = D' + S Y + R, 

T = R - 2 OS. 



Fig. 201. 


The Eesistance of 2 cm. of bridge wire is chosen as the 
unit of resistance, so that the resistance of the thermometer 
is equal to the box resistance (expressed in these units^) 
plus the distance in centimetres that S is to the left of the 
middle point of X Y. 

* A form of bridge specially designed for this work and oomplete 
with resistances is usually employed. 
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The tubes of thermometers designed for higher tempera- 
tures, say, up to 1200° C., are made of glazed porcelain and 
the leads are made of thick platinum wire. If, however, 
only the tip of the tube need be in the hot region, this part 
only of the tube need be porcelain, the rest may be st^l ; 
the leads also need only be platinum in the hot part and 
copper in the cooler part of the tube. 

Callendar and Griffiths define temperature on a platinum 
thermometer of this kind in the following way : — 

Taking the simple formula 

Ri = Rj) (1 + 


where p t is platinum thermometer temperature, then if 
is the resistance of the wire at the temperature of steam 
from water boiling under normal pressure, the resistance 
at the temperature of melting ice, and the resistance at 
any other temperature p t, then 


pt = 


R«- Ro 
RlOO “ tty 


100 . 


The value of — Ry is called the fundamental interval 
of the thermometer. 

Temperatures determined in this way will not of course 
correspond with air - thermometer temperatures ; but 
Callendar, and later Griffiths, found that the difference, 
d, between the two scales is expressed for a wide range of 
temperature by 

( 1 , 


where T denotes the air-thermometer temperature on the 
Centigrade scale, and S a constant depending on the 
chemical constitution of the wire and may be determined 
once for all for any given thermometer. 

The value of d is determined by observation of the 
resistance of the thermometer at three known temperatures, 
the points usually selected for this purpose being 0° C. and 
100° C., the freezing and boiling points of water respec- 
tively, and 444 5° C., the boiling point of sulphur at normal 
pressure.* 

* Instead of taking the sulphur point the fact that the resistance 
of pure platinum vanishes at about -240°C. may be used. 



THBRMOMKTRY AND PTEOMBTRY. 


453 


The formula (1) has been shown to be strictly true up 
to 1000® C. 

The value of the factor 8 for the wire supplied by the 
Cambridge Scientific Instrument Go. may be taken as TSO, 
so that equation (1) may be given in the form 

” ’ - (w t 

Tables can be obtained showing the air-scale temperatures 
corresponding to every’ 5 degrees of the platinum scale 
between 0° C. and 1200° 0. thus : — 

Platinum Air Scale 

Temperatures. Temperatures. 


600 654*4 

605 660*5 

610 666*7 

616 672*7 


If the formula R, = (1 -f a T -f T®) is used the 

value of Rt when T = 0°C., 100° C., 444*6° C., should be 
found and a curve plotted showing the relation between 
Rt and T. A convenient fixed point, higher than the 
sulphur point, is the temperature of melting potassium 
sulphate, 1070° C. 

One great advantage of this form of thermometer is 
that the addition of compensating leads renders the in- 
dications of these thermometers independent of the depth 
of immersion of the thermometer in the hot region as 
long as the bulb is wholly immersed and of the distance 
of the thermometer from the temperature measuring ap- 
paratus. 

Apparatus has also been designed to make the Wheat- 
stone Bridge reading indicate temperature straight away, 
and this apparatus is so simple that an ordinary workman 
can use it. 
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Temperature can also be continuously recorded by these 
thermometers when connected up to a Callendar’s patent 
recorder. The recorder, actuated by clockwork, automati- 
cally balances the resistance of the thermometer by 
resistances contained in the instrument, and a pen records 
the actual temperature on a sheet of paper fixed to a 
revolving drum. 

These thermometers have important and extensive 
applications in all forms of industry where temperature 
is an important factor, from cold-storage chambers and 
hospitals to annealing furnaces and steel-casting. 

Eeadings correct to within C. can be taken by these 
thermometers from 0*^ C. as far up as 1300° C., the sensitive- 
ness remaining approximately constant. 

274. Thermo-electric thermometers. We saw in Art. 252 
that when an electrical circuit was made of wires of two 
different metals and the junctions of the metals were kept 
at different temperatures, a current is set up in the circuit. 
This current is roughly proportional to the difference of 
the junction temperatures, so that a measurement of the 
current by a galvanometer selves as a measurement of the 
junction temperatures.* For a moderate difference of 
temperatures the current is greatest when the metals are 
antimony and bismuth. Iron and nickel, copper and the 
alloy constantan,t also give currents of the same order. 

For high temperature work, however, these metals are 
not sufficiently durable, and for work up to 1400° C. 
the junction metals should be platinum and an alloy of 
platinum with 10 per cent, indium, and for work up 
to 1600° C. platinum and an alloy of platinum with 
10 per cent, rhodium. The copper-constantan junction 
may be used up to 500° C., and the iron-nickel junction 
below 300° C. 

• It is not necessary that the circuit should consist of just the two 
metals and the two junctions. It may be completed through wires 
of other metals, galvanometers, etc., as long as the junctions of the 
two metals with the remaining part of the circuit are at the same 
low temperature 

t Constantan or eureka is an alloy of copper and nickel. 
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The form of instrument designed by the Camb. Sci. 
Inst. Co. for work up to 1400^0. is shown in Fig. 202. 
Two fine wires ('6 mm. diameter) of 
the metals employed are threaded 
through fine porcelain tubes. At 
the lower end the wires are fused 
together, and it is this junction that 
is exposed to the heat. The wires 



are placed in a larger porcelain tube, 
and a wooden cap to this tube bears 
binding screws which are joined in- 
ternally to the junction- wires and 
externally to the temperature-mea- 
suring apparatus. The other junc- 
tion of the metals should for strict 
accuracy be kept at a constant low 
temperature, but as the instrument 
is usually used for the measure- 
ment of very high temperatures, it 
is sufficient if the other junctions 
are kept fairly cool. 

It is really the electromotive force 
in the circuit that depends on the 
nature of the metals and the tem- 
peratures ; the current is simply the 
quotient of the electromotive force 
by the resistance of the circuit. For 
approximate work we may assume 
that the resistance of the circuit does 
not alter and simply measure the 
current by a galvanometer. The 
error made is lessened if the galvano- 
meter is of such high resistance that 
the variation of the resistance of the 
metals composing the hot junction 
are negligible. For very accurate 



Fig. 202. 


work, however, the electromotive 


force should be measured on a potentiometer. 

The formula connecting the electromotive force with the 


temperature is proved in most text- books of magnetism 
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and electricity * It is 

where E is the E.M.F. in the circuit when the low and high 
junction temperatures are T,® C. and T° C. and the neutral 
point of the metals is Tn- In practice thermocouples are 
only used for very high temperatures, and an approximate 
formula which may be used with the thermocouples usually 
employed when Tj is nearly 0° C. is 

log. E = A log. T + B, 

where A and B are constants depending on the metals 
employed. 

Another formula which is sometimes used is 
E = P + QT + KT\ 

where P, Q, E are constants. The formulae do not quite 
agree, and it is best in practice to standardise each 
particular thermocouple by finding its E.M.F. at known 
temperatures. The E.M.F. generated by the platinum- 
platinum iridium junction is approximately 15 microvolts f 
per degree C. and that by the platinum-platinum rhodium 
junction 10 microvolts per degree C. 

These couples will give temperatures right to within 
1° C. from 1000° C. up to the melting point of platinum, 
1710° C. One advantage which they have over resistance 
thermomometers is that they measure the temperature at 
a point. 

Temperatures below 300° C. cannot be conveniently 
measured by thermocouples composed of the platinum 
metals, as the E.M.F. generated is so small. For such 
low temperatures a nickel-iron junction which gives 
80 microvolts per degree difference between the junction- 
temperatures may be used. It would, however, be more 
accurate to use a resistance thermometer.. 

In commercial work a high resistance galvanometer is 
used with thermocouples, and it can be made direct read- 
ing, and also by a clockwork arrangement to give con- 

* See Higher Text-hook of Magnetism and Electricity ^ § 217. 
t One miorovolt is one millionth of a volt 
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tinuouB records. The measuring instrument may be 
placed at a great distance from the couple, <is the resist- 
ance of the leads is practically negligible in comparison to 
the high resistance of the galvanometer. 

276. Radiation p3rrometer8. In all the forms of pyro- 
meter yet described there is some part which has to be 
inserted in the region whose temperature is under observa- 
tion. This disadvantage is overcome in the Fery radiation 
pyrometer, which is used for measuring the temperatures 



Fig. 203. 


of furnaces and other very hot bodies. A hole H (Fig. 
203) is made in the side of the furnace, and the radiation 
coming from this hole impinges on a concave gilt mirror 
M M, set up in a short open tube placed some distance away, 
and sighted on H by observation through a hole 0 behind 
the mirror. The mirror reflects it to a minute copper-con- 
stantan thermocouple T arranged as a disc and placM at the 
conjugate focus to H. The current generated by this 
thermocouple is measured by a galvanometer, which may 
be graduated to give straight away the temperature of 
the furnace. 

The temperature of the thermocouple does not rise 
above 100° C., but the instrument can be used to measure 
very high temperatures. It is not accurate for tempera- 
tures' below 600° C. It may be used to measure the 
effective tem^rature of the sim (7800° C.) by the simple 
expedient of just pointing the instrument at the sun and 
reading the galvanometer. The principle on which the 
instrument is based is that of Stefan’s law (Ai-t. 214)^ 
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namely, that “the radiant energy emitted by a fully 
radiating body is proportional to the fourth power of the 
absolute temperature of the body.” If the galvanometer 
attached to the pyrometer lias a uniformly graduated 
scale, and the absolute temperature T, corresponding to 
a reading Ej is known, then the absolute temperature T, 
corresponding to a reading E, is given by 

It is here assumed that the fourth power of the tempera- 
ture of the cool junction is negligible compared with Ti* 
or 

In a simpler form of the Pery radiation thermometer the 
thermocouple T and galvanometer are replaced by a small 
bimetallic spiral which actuates a long pointer moving over 
a scale graduated directly in degrees. The principle is 
that of the Breguet thermometer (Art. 46). 

With both instruments the readings are independent of 
the distance from the mirror to the source of heat, provided 
that the image of the source produced by the mirror is 
larger than the receiving disc T. 

In some other forms of optical pyrometer comparison is 
made between the intensity of the light given out by the 
hot body and by another hot body of known temperature. 

276. Low temperature measurements. For low tem- 
perature measurements we may use either alcohol ther- 
mometers (freezing point of alcohol = — 130° C.) graduated 
by comparison with the standard gas thermometer or plati- 
num resistance thermometers. The platinum bulb may be 
contained in a brass tube, and copper leads may be used. 
A convenient fixed point is the temperature of boiling liquid 
oxygen at normal pressure, which is — 182 2° C. 

EXAMPLES XVIII ^ 

1. How is an air thermometer constructed and how is it. used? 
What means have we besides the air thermometer of measuring 
temperatures between 400° U. and 1800° C. ? 

2. Describe the essential features of the measurement of tempera' 
tore by Callendar’s platinum thermometer. 
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3. The resistanoe of a certain platinum thermometer in melting 
ice is 592*387 units. In steam at 10(f C. it is 821*9*22 units. When 
its resistance is exactly 640 units what is its temperature ? 

4. The resistance of a certain platinum thermometer was measured 
in melting ice {0®C.), steam (99*9° 0.), sulphur vapour (444*2'’ C.), 
and was found to be 347 ’1, 451*6, 784*8 units respectively. Express 

T> 

the ratio as a formula 1 + oi + and find the value of 5 for this 
Kq 

particular thermometer. 

6. Describe how a thermocouple may be used to measure tem- 
perature. How would you use a thermocouple to find the tempera- 
ture of the bottom of the sea ? 


EXAMINATION QUESTIONS ON THE MECHANICAL 
EQUIVALENT OF HEAT, ETC. 

1. Heat was at one time supposed to be a substance called caloric ; 
what experiments would you bring forward to show that this view 
is untenable ? 

2. Explain where the energy goes when you expend it in (a) 
winding up a watch, (6) lifting a stone from the floor and placing it 
on a shelf, (c) riding % bicycle up hill, (d) rowing a boat on a still 
pond, (fi) rowing a boat up-stream. 

3. Explain the terms ** Conservation ” and “Transmutation of 
Energy.” Illustrate your answer by reference to an electric light 
circuit, a gas engine being used to drive^the dynamo. 

4. When a gas expands heat has to be supplied if the tempera- 
ture is to be kept constant. Why is this ? 

6. Briefly describe one of the ways in which the amount of 
energy equivalent to a given amount of heat has been determined. 
Explain what is meant oy expressing the specific heat of water in 
ergs per gramme, and state its value either in these units or in 
gravitation foot-pounds per pound. 

6. Describe the experiments by which Joule was led to the con- 
clusion that no change of temperature occurs when air expands 
without doing mechanical work. Is this conclusion strictly accurate ? 
If not, how must the statement be modified ? 

7. Distinguish between the specific heat of air under constant 
pressure and its specific heat under constant volume. Show how, 
from a knowledge of the two specific heats of air, together with its 
density at given pressure and temperature, the value of the meohani- 
oal equivalent of heat may be oomputed. 
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8 . A pound of coal in burning can raise 8,000 lb. of water I® C. 
Used in an engine the coal supplies 1,400,000 foot-pounds of work 
per pound burnt. What fraction of the heat is transformed to 
work? (Mechanical equivalent = 1,400, using foot-pounds and 
degrees Cientigrade.) 


9. What is the efficiency of an engine which consumes 28 lb. of 
coal in drawing a train one mile against a resistance equal to the 
weight of 1 ^ tons, the calorific power of the coal being such that one 
pound is capable of converting 16 lb. of boiling water into steam at 
the same temperature? 

10. Water at 15° C. and 1(XI0 atmospheres pressure is passed 
through a porous plug and escapes at one atmosphere pressure. 
Calculate the temperature of the escaping water. 

11 . On passing a current of 1 ampere through a piece of platinum 
wire it is found that its temperatui e rises 10 “ C. above that of the 
surrounding objects, which are at 0° C. Assuming that the rate of 
loss of heat is proportional to the difference of temperature, calcu- 
latethe temperature of the wire when a current of 2 amperes is passed 
through it. The temperature coefficient of the resistance of the 
wire may be taken to bo O OOl of the resistance at0°C. 

12. A current of water of 0*8 gm. per second is passed through a 
glass tube of 50 cm. in length, along the axis of which a platinum 
wire is stretched. The wire is heated by an electric current. The 
current-strength is 2 amperes, and the difference of potential 
between the ends of the wire is 16 volts. Calculate the rise of 
temperature of the water as it passes through the tube. 

13. Find the number of watts in one horse power given that 
1 foot = 30*48 cm., 1 lb. = 453*6 gm., <7 = 981 cm. -sec. I 

Electrical energy is sold at 4rf. per kilowatt hour. The mechanical 
equivalent of heat given by burning of coal worth id. is 10 ^ foot-lb. 
Compare the prices of the two forms of energy. Why is electrical 
energy so much dearer than coal energy ? 

14. Mention the different methods which are used for measuring 
temperature, and discuss their relative merits (a) for measuring 
temperatures between 1000 ° C. and 2000° C., (b) for measuring tem- 
peratures between O^C. and 200° C., (c) for measuring the tempera- 
ture of a patient in hospital. 

15. When temperatures are expressed on the centigrade scale, 
the latent heat of fusion Of ice is represented by 80, and the me- 
chanical equivalent of heat by 423*9 (gramme-metres). Express the 
same quantities on the Fahrenheit scale, affd explain why one is 
represented by a larger and the other by a smaller number. 
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LIQUEFACTION OF GASES. 

277. Conditions for liquefaction. Every gas will, if its 
temperature is sufficiently lowered, at some definite pres- 
sure condense to the liquid state. If, however, its tempe- 
rature is not below the critical temperature, no amount of 
pressure will reduce it to a liquid (Art. 257). The first 
requisite, then, in liquefying a gas is to cool it below its 
critical temperature ; once below this temperature, the gas 
may be liquefied by the application of pressure only, and 
the varying methods used by different investigators depend 
on the different means adopted to obtain the requisite 
amount of pressure and lowering of temperature. 

278. Early experiments. The first well-authenticated 
successful attempt to liquefy gases was made in 1806 by 
Thomas Northmore, who, using a brass condensing pump 
and glass receivers, suc- 
ceeded in liquefying chlor- 
ine and sulphur dioxide. 

His work was passed over 
unnoticed, however, and it 
was not till 1823 that the 
next step was taken, when 
Faraday succeeded in lique- 
fying several of the more 
easily condensible gases. 

In Faraday’s earliest experiments the materials from 
which the gas was to be generated were placed in one limb 
of the V-shaped tube (Fig. 204), and the other limb sealed 
off and placed in a freezing mixture. Heat was then 
4G1 
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applied to the limb containing the reagents, when the gas 
distilled over and condensed under the influence of its own 
pressure in the other limb. 

About 1835 Thilorier succeeded in preparing large 
quantities of liquid and solid carbon dioxide by similar 
means. A large gun-metal retort, A (Fig. 205), swinging 
upon trunnions, contained sodium bicarbonate mixed with 



water, and a copper tube filled with sulphuric acid. An 
exactly similar vessel was prepared to receive the liquid 
carbon dioxide. The receiver having been sulTounded by 
a bath of cold water, the gas was generated by tilting the 
retort A, and allowing the acid in the cop]por tube to mix 
with the sodium bicarbonate. The communicating tube, C, 
was then screwed into place, and the stopcocks opened, 
when the carbon dioxide distilled over, and condensed to 
the liquid state in the receiver, B. By allowing the liquid 
carbon dioxide to bscape rapidly from a jet into a box of 
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non-conducting material Thilorier obtained solid carbon 
dioxide. 

Using high pressures, and the low temperatures which 
could be produced by a bath of solid carbon dioxide mixed 
with ether, Faraday succeeded in condensing several more 
gases to the liquid state, but oxygen, nitrogen, hydrogen, 
and one or two other gases resisted all attempts at lique- 
faction until the year 1877, when MM. Pictet and Cailletet, 
working independently, announced the liquefaction of 
oxygen. 



279. Pictet’s and Cailletet’s experiments. The apparatus 
of Ms Pictet is shown in the accompanying figure. The 
oxygen was generated by heating potassium chlorate in the 
iron bottle, L (Pig. 206), which communicated with the 
closed tube, M. M was jacketed by a condenser, H, which 
contained liquid carbon dioxide boiling under reduced 
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pressure. By this means a temperature of about — 140® C. 
was produced. As the carbon dioxide evaporated it was 
drawn off by the pumps, E and F, and compressed into 
the cylinder, K, which was siurounded by liquid sulphur 
dioxide. The carbon dioxide was condensed to the liquid 
state again, and returned to the condenser, H, by the 



Fig. 207. 


tube h Similar pumps, A and B, drew off the liquid 
sulphur dioxide and condensed it in the receiver, D, which 
was surrounded by cold water. After the pumps had been 
working continuously for some hours, a pressure of about 
300 atmospheres being produced inside M, the screw, N, 
was suddenly loosened, thus allowing the pressure to fall 
rapidly, and producing a still greater fall of temperature. 
It was then found that a small quantity of liquid oxygen 
had collected in M. 

The apparatus of Cailletet was constructed on a different 
principle. The gas under examination was confined over 
mercury in the thick-walled tube, T (Fig. 207), the open end 
of which was pladed in a reservoir of mercury. The surface 
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of the mercury was covered with water which communicated 
with the hydraulic pump, P. On working the pump the 
mercury was forced into the tube, T, and the gas was 
strongly compressed. The pressure was then suddenly 
diminished by unscrewing the screw, V', when the gas, now 
free to expand, forced the mercury back down the tube, T. 
Since the expansion takes place with great rapidity, the 
change is practically adiabatic, and the heat-equivalent of 
the work done in forcing back the mercury is absorbed 
from the gas itself. This absorption of heat causes such 
a depression of temperature that a portion of the gas 
liquefies, and collects in drops on the sides of the tube. 



280. Wroblewski and Olszewski’s experiments. By 
using liquid ethylene as a cooling agent, Wroblewski and 
Olszewski succeeided in obtaining liquid oxygen and liquid 
air in* quantity. Olszewski’s apparatus is shown in Fig. 
208. Liquid ethylene stored in the flask, /, which is 
surrounded by a freezing mixture, passes through the 
spiral, g, which is immersed in a bath of solid carbon 
dioxide and ether, giving a temperature of about — 100° 0. 

H. T. p. SO 
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By opening the stopcock, A, the cooled ethylene is allowed 
to flow into the vessel, m, where it surrounds the small 
flask, a, of about 200 cubic centimetres capacity, which is 
destined to receive the liquid oxygen. 

As soon as the liquid ethylene has completely covered 
the flask a, the stopcock t, which communictites with a 
large vacuum-pump, is oi)ened, and, by working the pump, 
the ethylene in m is caused to boil under greatly reduced 
pressure. In this way the temperature of the ethylene 
fiills continuously ; when it has fallen l)elow the critical 
temperature for oxygen, the stopcock which opens com- 
munication between the reservoir, c, wherein the gaseous 
oxygen is stored under pressure, a-nd the small cylinder, a, 
is gradually opened. The oxygen 
passes over into a, and there under 
the influence of the high pressure 
and low temperature condenses to 
the liquid state and may be dmwn 
off from time to time into the glass 
vessel e. By using liquid oxygen 
in place of ethylene as the cooling 
agent, Olszewski succeeded in lique- 
fying hydrogen. 

281. Dewar’s experiments. The 
fact that a gas is strongly cooled by 
sudden expansion has b^n success- 
fully utilised by Professor Dewar for 
the liquefaction of most of the so- 
called “ permanent ” gases. The gas 
to be experimented on is stored under 
high pressure in steel cylinders. It 
enters the liqucfier (Fig. 209) by the 
aperture shown on the right hand 
side of the figure,' passes up the 
tube, 0, and round the spiral, S, 
which is cooled to a temperature of 
— 70° C. by immersion in a bath of solid carbon dioxide. 
The gas then passes down the inner spiral, D, into the 
tube, U, from which it escapes by a small jet. The escaping 
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gas, cooled by the sudden expansion, sweeps back in the 
direction shown by the arrows over the exterior of the 
spiral D, and cools the down-coming gas to a still lower 
temperature ; this portion of gas escaping at the jet flows 
back and cools a further part of the down-coming gas yet 
more strongly, and this cumulative process of cooling goes 
on till the temperature of the gas falls below the critical 
point, when liquid begins to drip from the jet and may be 
collected in the vacuum vessel, G. By using liquid air, 
boiling rapidly under reduced pressure, as a preliminary 
cooling agent, in place of the solid carbon dioxide, Dewar 
succeeded in liquefying hydrogen. 

282. Linde’s and Hampson’s method. A process for 
liquefying a gas without the use of any external refrigerat- 
ing agent has been introduced, of recent years, by Herr 
Linde in Germany, and Dr. Hampson in England. 

In general, when a gas at high pressure is forced through 
a fine hole, a diminution of temperature is produced Ex- 
periments by Professors Joule and Thomson (Kelvin) 
showed that this fall of temperature is directly proportional 
to the difference of pressure on the two sides of the hole, 
and inversely proportional to the square of the absolute 
temperature. This cooling is the heat equivalent of the 
internal work done in forcing the molecules of the gas to 
a greater distance apart, and by using it in a cumulative 
manner somewhat after the method of Dewar as shown in 
the previous article the temperature of the gas may be 
lowered sufficiently to reduce it to the liquid state. 

The apparatus employed by Dr. Hampson for the lique- 
faction of air is shown in Fig. 210. The air is drnwn 
through the cylinder, A, which contains several trays of 
moist slaked lime to remove carbon dioxide and water 
vapour, and passes into the pump, B. Here its pressure is 
raised to about 16 atmospheres, and it passes through the 
copper coil, 0, into a second pump, D, where the pressure is 
further increased to about 160 atmospheres. The pumps, 
B and D, and the coils, C and B, are contained in tanks of 
cold water which serve to absorb the heat generated by the 
compression of the gas. 
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The compressed gas after passing through the cylinders, 
F and H, in which all traces of water vapour are removed, 
enters the Hampson liquefier. This consists of a series of 
concentric coils, filling the whole space K K, and terminat- 
ing at their lower end in a jet, L, the opening of which is 



controlled by the screw and rod M. The gas, passing down 
inside the coils, escapes at the opening, L, and is cooled ; 
the cooled gas then flows back over the coils, cooling them 
still further, and emerges at P, from which it flows through 
E to the air inlet in A. In this way the temperature of 
the gas emerging from the jet gets lower and lower, until 
the critical temperature is passed and liquid collects in the 
receiver N. 

When hydrogen at ordinary tempei'atures is forced 
through a small hole it becomes hotter instead of colder, 
like the great majority of gases. The above method there- 
fore could not be applied for the liquefaction of this gas 
starting from ordinary temperatures. Dewar, however, 
has shown that ££ the hydrogen is first cooled to — 200° C. 




ANSWERS. 


Exercises II. (Page 30.) 

2. - Of. 8. - 40". 4. 36", 68". 

6. F 1562, 21-2, - 68 ; R 680, - 4*8, - 40. 

6. C no, - 2|, - 235, - 45 ; R 88, - 2f, - 18|, - 36. 

7. C 137J, - 10, - 333 ; F 279J, 14, - 28J. 

9. -•04"0., -•22‘’C., -6"C. 

Exercises III. (Page 36.) 

1 . 18 652 ± *002. 2. *644 ± *001. 3. Limits of error ± *0002. 

4. 11*0. 6. 19 sq. cm. 

6. 1(XX)089. 7. 1. 8. 1*0007; *999961. 9. 999976; 1*0013. 

10. 1*00012; 1*00032. 11. 100*084 ; 99*984. 

12. 2*00018, 8*00216. 

Exercises IV. (Page 64.) 

2. 1*0057 cub. dec. 4. 0*000016. 6. *03 cm. 

7. *0000258, 00J0086. 8. 1*0015 pt. 9. 10*16 gm. 

10. 2036:1. 

Exercises V. (Page 92.) 

2. 0 0000269. 8. 1*00029. 4. 0*000017. 

5. 0 0001568. 6. 0 0000247. 7. 0*000518. 

8. 000a)29. 

9. 20^-40" C. *000307. 

40"--00"C. *000458. 
r)0"-80"0. *000596. 

80"-96"C. *000693. 

10. 100" C. 11. 0*000165. 12. 000281. 

13. *000015. • 14. 0*00091. 16. *000185. 

17. 761*3 mm., 769*2 mm. 
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Exercises VI. {Tags 127.) 

2. 2 litres. ' 3. 568 mm. 4. 481 c.c. 

5 . 869C.O. 6 . -0038. 7 . 

*■ (i) P. T',-y, (ii)^.r,V. 

9. = 084 gm. 11. 10043. 

12. 313“ C. 13. - 459° F. 14. 634 o.o. 

16. 451 oub. in. 


Examination Questions. (Fage 139.) 

4 . Errors + T, + '4°, + ‘2°, + *7°. 

Corrections — '6°, — *4°, ~ *2°, — *4°. 

6. 3 mm. 6. 00006. 7. - 152° C. and + 182° 0. 

8. Copper, 3 feet long. 9. 72000 kilogm.-wt. 

10. 98 58° C. 13. 000188. 

16. 680 gm.-wt. per sq. cm., 667,000 dynes per sq. cm. 

668 gm.-wt. per sq. cm., 655,000 dynes per sq. cm. 

18. L±_?. 19. 30-5 in. 20. 165 c.o, 

1 + A 

21. 75 cm., 74 cm. 24. 1330° C. 26. *182 oub. ft. 

28. 195 ; 112 (assuming j to be constant). 

29. '347 gm. increase. 


Exercises VIII. 

{Page 169.) 

1. lU 

2 . 14'2. 

3. 057. 

4 . -214. 

6 . 0'64. 

6. 4'79. 

7. 766° 0. 

8. 0968. 

9. '616. 

10. 1006; 1027; 1016. 

11. 3*41. 

12. 0*478. 

18. 52° C. (nearly) 

14. 66. 



Exercises IX. {Page 196.) 

2. 171‘4 calories. 3. 62‘5°C. 6. 67° C. 

6 78 8. 7. 0*033. 8. 44'4 calories. 

9. 11. 10. -917. 11. 0033. 

12. (1) Highest ; (2) lowest. 
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Examination Questions. {Page 198.) 

1. *11. 2. 12 gm. 8. *064. 

6. (a) The liquid has the higher average speciflo heat in the ratio 

II at the higher temperatures ; (6) Yes, very likely. 

7. 25 gm. Less if allowed to stand before mixing. 

8. 0*247. 

9. The water is above O^C., and is also in motion. 

11. 7*0 gm. 12. *6. 

13. 40 ; 61. 14. or 0*904. 15. *089. 16. * . 

Exercises X. (Page 223.) 

3. 803 mm. 4 . 742*4 mm. 5 . 1117 0 . 0 . 6. *0242 o.a 

7 91. 8. 118*5. 9. 58*2. 

Exercises XI. {Page 266.) 

3. 506 mm. ; 642000 dynes per sq. cm. 

6. Doubles from 99*93° 0. to 99*96° C., and becomes infinitely large 
at 100° C., i,e. it would burat. 

6. 4 (approx.). 7. 637. 8. 65*3° 0. 

9. 665. 10. 2020 calories. 11. 35*1° C. 12. 0*187. 

Exercises XII. {Page 289.) 

2. (a) The air is full of water vapour. The block of ice cools 

the air in its vicinity, and hence causes condensation ; 
(5) the water is hotter than the air, and more 
evaporates than the air can sustain. Hence the 
“ steaming." 

5. (1) Lowered more than wdth water. (2) Scarcely lowered 

at all. 

6.84%. 7.62*9%. 8. 0°C. 

9. 1*205 gm. 10. *017 gm. 

Examination Questions. {Page 2Q0.) 

2. If the temperature is raised A reads the higher if the tem- 
perature is lowered A reads the lower. 

6. 65*5 cm. 6. 76*23 cm. 

11. 3*16 gm. 12. *88 gm. 18. 77*6 gm. 

14. 538. 15. kilogrammes (approx.). 

19. 90*6 O.C. 
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Exercises XIII. (Pa^e 321.) 

4 . 6‘2 X 10’ calories. 6. 1*626. 6 . *0384. 

7, 1 8 X 10’ calories. 8. 125 calories. 

9. 1)0013 C.G.S. units. 10. *067. 

Exercises XIV. {Page 359.) 

1. The order is wood, rock-salt, tin ; the wood is the hottest, 
2 . 133 :. 8.2 663 :. 7. lOOOgm. 


Examination Questions. {Page 360.) 

2. 1*8 calories. 3. 6260 grammes. 

4. 46 minutes. 6. 1,800,000 gm. 

7. Rock glass transmits the long waves, glass does not. 
10. (a) The gilt bulb is the hotter. 

(b) The clear glass bulb is the hotter. 

13. (11 Rise faster in blackened vessel. 

(2) Cool faster in the blackened vessel. 

15. No, the vulcanite transmits infra-red waves, 

1 . XT.. 


Exercises XV. {Page 376.) 

2. (a) 60 ft.-lb. (6) 7(XX) ft.-lb. (c) 120 ft.-poundals. 

{d) 10" gr. cm., or 10® kilogram -metres. {e) 6 ergs. 

3. (i) When at the end of the swing, (ii) When in the middle. 

4. The bow possesses potential energy due to strain or distortion. 
6. (1) 20, (XX) foot-poundals. (2) 8,000 poundals, 260 pds.-wt, 

111,0(X),(X)0 dynes. 

6. 3*76 X 10® dynes. 8. 62*1. 

9. 49 0 gm.-wt. per sq. cm. 10. £1 128, 


Exercises XVI. {Page 403.) 

1. The energy of the pumper. 

2. Part of the heat is due to the hot gases, the rest due to ,Viotion 

between bullet and barrel. 

8. Into heat. 

4 . Mechanical energy is turned into heat energy. 
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B. During evaporation and the uplifting of clouds, heat energy 
becomes potential and kinetic energy. When the rain reaches 
the earth again all the potential energy and nearly all the 
kinetic energy has disappeared. 

6. Chemical energy in coil > Heat energy of flames and water 

->-Kinetio energy of train and pa8sengera->-Kinetio energy of 
air and heat energy of rails and rubbing parts of the wheels. 

7. By a specific heat process. 

9 . 6 water pd.-degrees C. 10. 1® C., 1*8® F. 

11. 1390ft..pd. 12. 6-9%. 13. 165 , .1. 

14. 700 ft.'pd. } 2‘09 X 10’ ergs. 

IB. 112,000 ft..pd. j 336 X 10’ ergs. 

752,000 ft.-pd. ; 2260 X 10’ ergs. 

17. 2'87 X 10’ ergs ; 2*93 X 10* gm.-cm, 

18. 8, » *237 s, =■ *168. 19. One-thirteenth. 

20. ‘63 ohm. 


Exercises XVII. (Page 443.) 

8. Iso-piestic = an equal-pressure curve. In an ordinary pv 
diagram it would be a line parallel to the axis of volume, e.g. 
h c, Fig. 178. 

Isometric = an equal-volume curve. It would be a lino 
parallel to the axis of pressure. The line cd, Fig. 178, is 
practically an isometric. 

The curve required may be plotted from the data of Art. 147. 
4 . 2005 mm. j 1520 ram. 6. 25*59 atmospheres ; 425'* C. 

Exercises XVIII. (Pajs 468.) 

8. 20*69^0. 

i. = 1 + -003064 f - 000,000,61 1\ 

Ro 

i « 1*66. 

Examination Questions. (Pasfe469.) 

8. i 9. 5*3%. 10. 38^0.* (approx.). 

11. 46*5® C. 12. 9H°0. 

1,.746. but only » very small 

Cost of coal energy 

part of the coal energy can be utilised. 

IB. 144, 285‘5. 
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Absolute zero, 119 
Absorption, coefficient of, 841 
Acceleration, 362 

Adiabatic changes, formulae of, 438 
,, curve, equation of, 430 
Adiabatics, 422 
Adiathermancy, 328 
Air thermometer, 22, 446 
Alcohol thermometer, 21 
Altitude, determination of, with the 
hypsometer, 285 

Amagat on deviations from Boyle’s 
law, 418 

Andrews' experiment on carbon 
dioxide, 409 
Anemometer, 288 
Anticyclones, 288 
Approximations, Ch, III., 82 
Atomic heats, 166 


■pALANOE WHEELS, COM- 
pensated, 60 

Barometer, correction for tempera* 
tnre, 91 

Beckmann. 189, 238 
Beckmawn s thermometer, 26 
Berthelot on the latent heat of 
vaporisation, 266 
Blacks ice calorimeter, 190 
Boiling, 282 

„ point, 16, 226 
,, „, determination of, 287 

,, „ of salt solutions, 238 

Bottomley's experiment, 181 
Boyle's Law, 96, 417 


Breezes, land and sea, 136 
Breguet's thermometer, 62 
Bunsen on melting points, 181 
Bumen's ice calorimeter, 191 


nAQNIARD DE LA TOUR'S 
^ experiments on the critical 
state, 413 

Callendar and Barnes, 166 

„ on the expansion of mer* 
cury, 86 

Callendar' s platinum thermometer, 
450 

Caloric, 143 
Calorie, 144 
Calorimeter, 146 

„ , Black's ice, 190 

„ , Bunsen's ice, 191 

„ , My' 8 steam, 261 

„ , Regnault's^ 153 

„ , water equivalent of, 

147 

Calorimetry, Ch. VIII., 148 
Centigrade scale, 16 
Change, chemic^, 8 
„ of state, Chs. IX., XI., 
171, 226 

„ of volume accompanying 
change of state 2*16 
Charles' Law, 111 
Clement and Desormes' experi* 
ment, 432 

Clinical thermometer, 25 
Cloud, 283 
„ -forms, 284 
Condensation, 225, 246 ^ 

„ and vaporisation, 224 
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Oondenser, 226 
Conduction, 293 

„ of heat, Ch. XIII., 298 
Conductivity, determination of, 809, 
314 

,, , definition of thermal, 

301 

,, of erases, 319 

,, of liquids, 317 

„ , thermal, 293 

,, , thermometric, 303 

Convection, Ch. VII., 129, 293 
Cooling correction in calorimetry, 
167 

Couple, work done by a, 368 
Couples, 364 

Critical temperature, 213, 411 
Cryophoms, TFoZioston’s, 245 
Cyclones, 2^ 


ndirojv ON VAPOUR pres- 

sure, 205 

Dalton's Law, 111 

„ laws of vapoury 207 
DanieWs hygrometer, 276 
Davy lamp. W 

., on tne dynamical theory of 
heat, 380 

Density and temperature, 63 
De Saussure's hygroscope, 282 
Dew, formation of, 286 
Dew-point, 271 

., hygrometers, 274 
Diathermancy, 328 

., , measurement of, 836 

Diffnsivity, 303 
Dilatometer, the volume, 72 
Dilatometers, constant volume, 74 
Dim's hygrometer, 276 
Distillation, 246 
Draught in a chimney, 182 
Dulc^ and Petit on cooling, 345 
Didong and Petit on expansion of 
merwiry, 77 

Didong and Petit's Law, 166 
Dimas on vapour density, 217 
Dynamical theory of heat, 878 


EBULLITION, 282 
^ Ebullition, laws of, 230 
Effectfl of heat, 4 
Elasticity, 424 


Elasticity, adiabatic, 426, 427 
„ , isothermal, 4^ 

Electrical pyrometry, 448 

„ resistance thermometry, 
448 

Emission, coefficient of, 341 
Emissive powers, comparison of, 843 
Energy, 370 

„ , conservation of, 891 

„ , kinetic, 370 

„ , potential, 871 

,, , several forms of, 875 

„ , transference of, 374 

Entropy, 424 
Evaporation, 200, 241 

„ , cold caused by, 243 

Expansion, anomalies of, 66 
„ , coefficient of, 67 

,, , force ofj 61 

,, in freezing, 174 

, , , linear and cubical (or 

volume), 89 

„ , mean coefficient of, 46 

„ of water, 86 

,, , real and apparent, 66 

VAHRENHEirS SCALE, 16 
-«■ Fairhaim and Tate, 222 
Faraday's experiment on regelation, 
180 

Fery radiation thermometer, 468 
Fixed points of the thermometer, 14 
Fog 286 

Forbes' experiment, 810 
Force, 863 
„ , moments of, 864 
„ , units of, 863 
Franklin's experiment, 227 
Freezing mixture, 186 
„ point, 14, 173 

,, ,, of salt solutions, 187 

Frost, 288 

Fundamental interval, 16 


HAS EQUATfON, 124 . 

^ Gas thermometer 116, 430 
Gases, expansion of, Ch. VI., 96 
„ , liquefaction of, 247 
„ , radiation of, 8M 
Gay tussac on the expansion of 
gases, 108 

,, „ on vapour density, 216 
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Oay Lussac on vapour pressure, 206 
Gay Lussac' 8 Law, 111 
Glazed frost, 288 

Graham's mercurial pendulum, 69 
Oravesande's ring and ball, 6 
Griffiths, 165 
Guff Stream, 137 


UAIL, 2S5 

Harrison's gridiron pendulum, 

68 

Haze, 286 

Heat developed by a current in a 
wire, 397 

„ , general effects of, 6 
,, of steam, total, 268 
„ , quantity of, 143 
,, sensations, 1 
,, j unit of, 144 

Heatmg by hot water pipes, 131 
Him on the mechanical equivalent 
of heat, 396 
Hoar-frost, 288 
Hope's experiment, 89 
Horse-powor, 377 
Humidity, relative, 269 
Hydrometric method of measuring 
the expansion of liquids, 75 
Hygrometer, 236 

„ , wet and dry bulb, 277 

Hygrometers, dew-point, 274 
Hygrometric state, 269 
Hygrometry, Ch. XII., 268 
Hygroscopes, 282 
Hypsometor, 236 


TOE CALORIMETERS, 189 
A Ice, density of, 190 
Indicator diagram, 439, 441 
Ingenhmsz's experiment, 314 
Invar, 60 

Inverse squares, law of, 328 
Isentropics, 424 
Isometric, 123 
Isopiestic, 123 
Isothermal, 405 

,, curve, 101 

„ „ , equation of, 102, 

416, 430 

Isothermals and Adiabatics, Ch. 
XVII., 406 

„ for imperfect gas, 407 


Isothermals for liquids and solids, 
407 

„ for perfect gas, 406 

„ for vapours, 4()7 


T, THE VALUE OF, 390 
" Jamin and Richards, 437 
Joly's steam calorimeter, 261 
Joule on the compression and ex- 
pansion of gases, 390 
„ on the mechanical equivalent 
of heat, 381 
„ , the, 367 

Joule's equivalent, calculation from 
gases, 392 

„ experiment on the maximum 

density of water, 90 
„ Law, 397 


j/INETIC ENERGY, MOLE- 
cular, 4 


J^AND AND SEA BREEZES, 

Laplace and Lavoisier on the ex- 
pansion of metals, 62 
Latent heat, nature of, 196 
„ „ of fusion, 182 

„ „ of fusion, determination 

of, 183 

„ „ of steam, determination 

of, 263 

„ ,, of vaporisation, 261 

,, „ of vaporisation, internal 

and external work of, 
442 

„ „ of vaporisation of steam, 

262 

Leslie's cube, 327 

„ differential thermoscope, 
126, 826 

,, experiment, 244 
Inehig's condenser, 226 
Linear expansion, coefficient of, 40 
„ „ , measurement of 

coefficient of, 
49 

Liquefaction, 171 

„ of gases, Ch. XTX., 461 
„ „ , Cailletet's ex- 

periments, 464 
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Liquefaction, contd , — 

„ of gases, Dewar's experi- 
meuts, 4GG 

„ , Faraday' s ex^Q- 

rimeuts, ^10 1 

„ ,, , Hampton's ex- 

perinionts, 4(57 

,, ,, , Linde's experi- 

ments, 467 

,, ,, , Northmore's ex- 

periments, 461 

,, ,, , Onnes’ experi- 

ments, 4()9 

,, ,, , Pictet's experi- 

ments, 463 

,, ,, , Thilarier's ex- 

periments, 462 

„ ,, , Wrohlewski and 

Olszewski's ex- 
periments, 4<>5 
Liquids, expansion of, Ch. V., 66 


JASON'S HYGROMETER, 277 
Mass, 362 

Maximum and minimum thermo- 
meters, 23 

Mechanical equivalent of heat, Ch. 

XVI., 378 
Meldometer, 180 
Mellonif 326, 326 

on ^thermancy, 337 
Melting point, 172 

„ ,, , determination of, 176 

„ ,, , determination of, by 

cooling, 175 

Mercury, expansion of, 77 
,, thermometer, 12 
Metallic thormometei-s, 62 
Meteorology, 283 
MiculescUf 396 
Mist, 286 

Molecular heat, 168 
Momentum, 362 

MATIONAL PHYSICAL LA- 
boratory, 19, 445 
Newton's law of cooling, 840 


ACEAN CURRENTS, 136 
" Optical methods of measuring 
temperature, 447 
Optical pyrometer, 417 


pAPIN'8 DIGESTER, 234 
A Pendulums, compensated, 67 
Perfect gas, 126 
Permanent state, 299 
Person, 194 

Philips' maximum thermometer, 24 
Power, 369 
Pressure, 366 

„ , influence of on boiling 

point, 227 

„ , influence of on the melt- 

ing point, 180 
,, , work done by, 368 

Provost's theory of exchange, 861 
Puluj, apparatus of, 389 
Pyrometry, 446 
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Av ,, , absorption of, 

316 

,, , diffusion of, 

3;i3 

,, , reflection of, 

330 

„ , refraction of, 

335 


,, ,, , transmission 

of, 336 

Radiation, 293, Ch. XIV., 322 
,, , absorption of, 346 

„ , nature of^ 322 

,, , propagation and trans- 

mission of, 327 
,, pyrometers, 448, ^467 
Rain, 283, 286 
„ gauges, 286 
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Reaumur’s scale, 16 
Regelation, 180 

Reynault on the expansion of 
gases, 105, 116 

„ on expansion of mer- 

cury. 80 

„ on cleviatious from 

Boyle’s law, 417 
,, on tne latent boat of 

vaporisation, 268 
„ on vapour pressure, 206, 
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„ hygrometer, 274 
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Relative humidity, determination of, 
209, 272 

Rime, 2^ 

Ritchie's experiment, 866 

Rowland, 164 

, , on the mechanical equiva- 

lent of heat, 394 

Roy and Ramsden on the expansion 
of metals, 62 

RAimford on the dynamical theory 
of neat, 379 

Rutherford's maximum and mini- 
mum thermometers, 24 


DALT SOLUTIONS, BOILING 
point of, 238 

Salt solutions, freezing point of, 187 
Seger cones, 446 
Selective absorption, 347 
Sensitive paper, 308 
Siemens' pyrometer, 449 
Significant figures, 33 
Six's maximum and minimum ther- 
mometer, 23 

Small quantities, arithmetical treat- 
ment of, 33 
Solidification, 171 
Solids, expansion of, Ch. IV., 38 
,, , volume expansion of, 66 
Solution, 186 

Specific heat, Ch. VIIL, 143, 162 
,, ,, , determination of, 189 

,, ,, , determination of, by 

cooling, 168 

* ,, of a liquid, 166 

,, ,, ,, solid, determina- 

tion of, 161 

,, ,, of gases at constant 

pressure, 161 

„ „ of gases at constant 

volume, 264 
„ „ of ice, 194 

,, „ of water, 167 

Specific heats, ratio of, 428, 432, 
487, 439 

Spheroidal state, 248 

State, change of, 7 

Stationary state, 299 

Steam calorimeter, 260 

Stefam's law, 346 

Sublimation, 249 

Sunshine recorders, 289 

Surface expansion, coefficients of, 40 


j ^TABLES ; — 

A Aqueous vapour, pressure of, 
and mass of in air, 273 
Atomic heats, 167 
Boiling points of liquids, 238 
„ point of water at pressures 
near the atmospheric 
pressure, 236 

Coefficients of expansion of gases, 
116 

Coefficients of expansion of 
liquids, 86 

Coefficients of linear expansion of 
solids, 64 

Conductivities, 320 
Critical temperatures, 414 
Density of water at various tem- 
peratures, 88 

Diathermancy of solids, 336 
Emissive powers of surfaces, 344 
Olaisher's hygrometric factors, 
278 

Latent heats of fusion, 185 
Latent heats of vaporisation, 260 
Maximum pressure of aqueous 
vapour, 236 
Melting points, 179 
Pressure of aqueous vapour, 207 
Reflecting powers of surfaces, 332 
Relative absorbing powers, 847 
Specific heats, 163 
Temperatures, some common or 
important, 29 

Volume expansion, coefficient of, 
43 

Wet and dry bulb hygrometer, 279 
Temperature, 2 

,, , absolute, 119 

„ , change of, 6 

,, , critical, 213, 411 

„ , degree of, 17 

„ , difference of, 2 

„ gradient, 299 
„ , measurement of, 9 

Temperatures, some important, 29 
Theory of excnanges, Prevost's, 351 
Thermal capacity, 151 
Thermochrose, 347 
Therrao-dvnamics, first law of, 400 
„ -tlectric currents, 401 

,, ,, thermometers, 454 

Thermometer, Oh. II., 9 
„ , air, 22 

„ , alcohol, 21 
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Thermometer, BecJcmann*s, 26 
„ , clinical, 25 

„ , construction of, 12 

„ , graduation of, 1C 

„ , high temperature, 22 

„ , mercury, 12 

„ , metallic, 62 

, , , sources of error of, 27 

,, , weight, 69 

Thermometers, vapour pressure, 213 
,, , very sensitive, 25 

Thennometry and pyrometry, Ch. 

XVIIL, 442 
Thermopile, 326 

Thermoscope, Leslie's differential, 
126 

Thickness, influence of, on dbther- 
mancy, 339 
Trade winds, 135 

Transmission of radiation, coeflScient 
of, 339 
Tyndall, 356 

,, on diathermancy, 338 


^NSATURATED VAPOURS, 


VACUUM VESSELS, 2^ 

* Vandcr Waal's equation, 422 
Vaporisation, 200 

, , and condensation , 224 

Vapour density, 214 

,, ,, , determination of, 

216 

,, „ methods of measaring 

temperature, 447 
,, of saturated vapour, 
222 

,, jackets, 246 
„ pressure, 200 


Vapour pressure and temperature, 
202 

„ „ , maximum, 201 

„ „ thermometers, 

213,447 

. „ , properties of, uh. X., 200 
Vapours, saturated and unsaturated, 
210, 211 
Velocity, 362 

„ of sound, 481 
Ventilation, 132 

Victor Meyer on vapour density, 219 
Viscous state during fusion, 176 
Volume, change at melting, 174, 176 
,, , ,, of, accompanying 

change of state, 
240 


WATER EQUIVALENT, 147 
„ , expansion of , 86 

„ , ,, , in freezing, 

174 

„ , specific heat of, 164 

Watt, 202 


„ . thermometer, 69 
Wet and dry bulb hygrometer, 277 
Wind, 288 
Winds, 136 

, Trade, 136 

WolUtston’s cryophorus, 2^15 
Work, 366 

„ done by a gas, 439 
„ in an electric circuit, 373 
„ , measure of, 366 
„ , units of, 3^ 


7ERO, ABSOLUTE, 119 
^ „ change of, 27 
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